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Abstract
The demand for energy-efficient devices has been growing rapidly due to the need for
data-driven technologies and the global energy crisis. As device size approaches the atomic
scale, the miniaturization of electronic devices may stop in the near future unless fundamentally
new materials or device concepts are developed. The emergent topological materials with exotic
properties show remarkable robustness against crystal lattice defects, which are promising for
next-generation technology. These materials host exotic properties such as high mobility, large
magnetoresistance, chiral anomaly, and surface Fermi arcs, etc. Among various topological
materials, the ZrSiS-family materials exhibit two types of Dirac states, which provide
opportunities to tune topological states by varying different parameters. The magnetic version of
ZrSiS-family compounds, LnSbTe (Ln = lanthanide), hosts inherent magnetism, providing a
novel platform to study the interplay between magnetism and exotic quantum states.
With this motivation, this research is focused on the synthesis of single-crystal and
characterization of previously unexplored magnetic topological nodal line semimetals LnSbTe.
The compounds NdSbTe and SmSbTe exhibit antiferromagnetic ground states and enhanced
electronic correlations. The magnetization and heat capacity measurements suggest the possible
existence of magnetic frustration in tetragonally crystallized SmSbTe. Furthermore, the evolution
of electronic and magnetic properties was studied with varying composition.
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Chapter 1: Introduction

1.1 Background

The increasing demands for energy efficient technological devices have compelled
today’s science and technology community to develop micro- and nanoelectronics technologies.
Moore’s law, doubling of transistor density every two years, has led the development of
semiconductor industry for over 50 years and may not be able to continue as device size
approaches the atomic scale. The discovery of quantum phenomena such as the quantum
tunneling effect suggests that electronic devices may stop becoming smaller and faster without
development of fundamentally new materials and technology. The different aspects of
electronics, such as the size, cost, sensitivity, reliability, and power consumption, demand a
breakthrough in research and innovation to design a new material and technology. Therefore, the
focus of this research is a new class of materials, the topological quantum materials, which are
promising for next-generation technologies.
The emerging topological quantum materials show promising properties. The electronic
and physical properties of these materials can be tuned by interplaying various degrees of
freedom such as types of charge, spin, orbital, topological, and lattice [1]. This dissertation is
focused on studying layered and magnetic topological quantum materials, which exhibit exotic
electronic and magnetic properties. This dissertation will discuss electronic band theory,
motivation, materials growth, and materials characterization. Furthermore, this dissertation talks
about the goal and the future perspectives of the research. An experimental exploration of
magnetic topological semimetals of the ZrSiS- type family, will be presented in following
chapters.

1

1.1.1 Development of topological band theory

The evolution of electronic band theory is the backbone for the research and development
of the most recent materials. A brief discussion on conventional electronic band theory, Hall
effect, and the presence of spin-orbit coupling to develop topological band theory is presented
below.

1.1.1.1 Conventional Electronic Band theory

A complete electronic structure of the atoms provides essential information about the
materials and their inherent properties. In addition to electronic and magnetic properties, the
electronic structure determines the various properties within the materials. For instance, the
electronic band theory explains why some materials conduct electricity, and others do not.
Similarly, the discrete energy level of atoms and molecules is determined by the quantum
mechanical nature of the motion of the electrons. Figure 1(a) shows that the various discrete
energy levels of an isolated atom are known as atomic orbitals. When two or more atoms bond
together, a molecule will be formed, which causes overlaps of atomic orbitals. As a result, the
atomic orbitals split into two molecular orbitals having distinct energy. In a crystalline solid, a
collection of a large number of atoms are arranged in lattice structure, and the neighboring atoms
interact each other. Therefore, each atomic orbital Splits into a large number of molecular
orbitals, each with its own distinct energy states. The energy gap between adjacent levels is very
small, and it can be considered a continuum, which is defined as the energy band, as depicted in
Figure 1(b).
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The discrete quantized atomic states are defined as a continuum of electronic states or
electronic bands with the Fermi energy defining the energy up to which these states are filled.
The band in which the Fermi level lies at the top of the highest occupied molecular orbital is
called the valence band. The conduction band is defined as the lowest unoccupied energy level.
For instance, in an insulator, a diamond has a gap between the conduction and valence band so
that electrons cannot be simply excited from the completely filled valence band to the conduction
band. In metals, the valence band and conduction band overlap each other, and there are
accessible electronic states for electrons to move and conduct electricity. But in the case of
semiconductors, for example silicon and germanium, there is a small gap such that some
electrons can excite from the valence band to the conduction band as a result of thermal
excitations. The energy bands for insulators, semiconductors, conductors are shown in Figure 2.

(b)

(a)

Figure 1: Energy levels of an isolated atom and energy band of crystalline solid.
3

While applying a magnetic field, the motion of an electron is deflected from the original path
because of the Hall effect.

Figure 2: Classification of materials by Electronic Band Theory

1.1.1.2 Hall effect

The motion of a charged particle under a magnetic field was described by the classical
Hall effect in 1979 by Edwin H. Hall [2]. When electrons are confined to move only in two
directions (along x-y direction), a steady current is made to flow along a direction (along x
direction), and a magnetic field is applied perpendicular to the current direction (along zdirection); the charge carriers experience a force called Lorentz force. As a result, the motion of
electrons deviates from the original path, and the opposite charges accumulate at the sample's
corresponding boundaries. The accumulated charges give rise to an internal electric field. When
electric force is strong enough to balance the Lorentz force from the applied magnetic field, the
electrons can move from the upper edge to the lower edge of the material. Thus, the voltage
difference between the two edges of the sample is called Hall voltage (VH).
At equilibrium, the Lorentz force is given by:
F = q(E + v × B) = 0

4

Equation (1)

Where v is the particle's velocity, q is the charge of the particle. If L is the length of the sample,
then Hall voltage and Hall resistance acquired between two boundaries can be written as,
VH = L × vB = R × I

Equation (2)

Where R is the hall resistance, and I is the current flowing through the sample. This relation
implies that the Hall resistance is linearly dependent on the applied magnetic field. In the
presence of a magnetic field, the charged particle moves in a circle with a cyclotron frequency.
This phenomenon is called the Hall effect and the cyclotron frequency is given by:
ω=

eB
m

Equation (3)

Where e =1.6×10-19 C, B is the magnetic field strength, and m is the mass of an electron.

1.1.1.3. Quantum Hall effect

For a two-dimensional electron system and at low temperature and strong magnetic
fields, the conventional band theory is no longer applicable to classify materials, which leads to
the discovery of the quantum Hall effect.
The categorization of materials based on conventional band theory was modified in 1980
after the experimental discovery of the quantum Hall effect [3]. The quantum Hall effect can be
detected in a two-dimensional free-electron system. At low temperature ( T < 4 K) and strong

B

Ix

VH

Figure 3: Classical Hall effect
5

magnetic fields, the quantum Hall effects cause the Hall resistance to be quantized as h/ʋe2 (ʋ
represents integer numbers) and is material independent [4,5]. This effect is called the integer
quantum Hall effect. Under a perpendicularly applied uniform magnetic field, charged particles
perform cyclotron motion due to Lorentz force and their motions can be described by the
equation of simple harmonic motion, and the energy bands split into sub-bands called quantized
energy levels, also known as Landau levels. Each Landau level can accommodate a large but
finite number of electrons. The energy of the nth Landau level is given by
En =

h
1
ωc (n + )
2π
2

Equation (4)

eB

where ωc = m∗ is the cyclotron frequency, and m* is the effective mass of an electron. For
conventional electrons, the energy levels will be spaced equally, and the gap between each
energy level is proportional to the applied magnetic field. There is a gap between the filled and
empty Landau levels. In the presence of a small electric field, the electrons will not have space to
move around, and it behaves like an insulator.
The energy Landau levels are a function of a magnetic field. So, increasing magnetic
field leads the Landau levels to cross the Fermi level, and consequently causes the oscillation of
the density of states at the Fermi energy. Such density of states oscillation results in the
oscillation of various electronic properties of a material, including electrical resistance (i.e., the
Shubnikov-de Haas effect) and magnetization (i.e., the de Hass-van Alphen effect).
In bulk materials, the conductivity at the edge of the quantum Hall system can be
described in terms of classical insight. The charged particle completes a full cyclotron orbit, and
the translational symmetry breaks at the edge due to the adjacent vacuum space. Strong Lorentz
force arising due to magnetic field forces electrons to move in direction and form skipping orbit
at the edge of two-dimensional electron gas as shown in Figure 4. This skipping orbit at the edge
6

is the unidirectional forward moving edge current. The particle confined to moving along a line
in a particular direction is called chiral. The particle moves in one direction on one side of the
sample and in the other direction on the other side of the sample. Thus, the particle would have
opposite chirality on two sides of the sample, and the net current vanishes in the absence of an
electric field. Such chiral modes are immune to non-magnetic impurities because all electronic
states move in the same direction. The property with an insulating bulk and conducting surface is
known as the characteristics of a quantum Hall insulator. Such property is also seen in
topological insulators but without the need for any magnetic field.

Figure 4: Edge surface effect
In many-body systems, the Hall resistance is governed by h/fe2 (f: fractional number)
instead of an integer quantum number. This effect is defined as a fractional quantum Hall effect.
It is supported by the Laughlin wave function [6], which suggests that the charged particles
moving around the system carry a localized fractional charge, a combination of an electron and
magnetic flux [7]. This idea brought up the new waves in condensed matter physics as one of the
earliest discoveries of topological states [8].
The Hall resistance in ferromagnetic materials is much higher than in non-magnetic
materials. This effect is known as the anomalous Hall effect. The electron in a solid acquires a
7

different group velocity under an external field that is perpendicular to the field and can
contribute to the Hall resistance of the sample [9]. The anomalous Hall effect originates from
the coupling of the electron’s orbital to its spin [10]. The quantum form of anomalous Hall effect
is called the quantum anomalous Hall effect and the materials exhibiting this effect are called
Chern insulators. In the quantum anomalous Hall effect, the edge states have the same spin
direction, and such an edge state exists despite the absence of an external field [11,12]. Materials
with nonzero-Chern numbers or Chern insulators are experimentally observed in magnetically
doped (Bi1-xSbx)2Te3 thin films [13]. The materials with strong spin-orbital coupling, typically
observed in heavy fermions and exhibit the spin Hall effect without a magnetic field. When an
external field is applied, the spin accumulates at the edge of the sample [5,13,14]. Additionally,
the spin-orbital interaction drives helical edge states, which relies on the direction of travel called
the quantum spin Hall effect [14]. Such edge states are preserved by topology and exist despite

Figure 5: A schematic diagram of the evolution of the Hall effect [14].
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an external field called topological insulators.

1.2. Topological materials

Topology is the mathematical structure that defines specific properties of materials that
remain invariant under continuous deformation. A smooth deformation can be obtained by
elongating, winding, or twisting the original geometry instead of tearing or cutting it [15,16].
These materials can be defined in terms of the topological invariant number that relies on the
Bloch wave function of the valence bands, which is characterized by dimension and symmetry.
The topological invariant number (n) inhibits the smooth deformation of the state from one value
of n to another across the interface of two distinct topological phases [16]. For instance: a
smooth deformation of a sphere into a disk is topologically possible but not a torus because a
sphere and a disk are topologically invariant, but the disk and a torus are topologically
distinct [16,17]. Therefore, the topological materials like Chern insulators, topological insulators,
and topological semimetals, feature different material properties that remain invariant under
continuous deformation, leading to unusual electronic properties.

1.2.1 Topological Insulators

The topological insulators (TIs) are electronic states of matter characterized by a finite
bandgap in the bulk and gapless surface states, which allow conducting current only through the
surface of the materials. The metallic surface states feature linear-momentum dispersion, which
can be described by Dirac equations for a massless relativistic fermion in 1D. Such a linearly
dispersed topological band exists both in two-dimensional (2D) and three-dimensional (3D)
topological insulators. Unlike the quantum Hall states that requires broken time-reversal
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symmetry (TRS) by external magnetic fields, the gapless topological surface states of TIs are
preserved by TRS and/or crystalline symmetry, which are robust to non-magnetic impurities. The
breaking of these symmetries leads to the topological phase transition, which can induce gapped
surface states.

Figure 6: Schematic diagram of realization TIs and TSMs
The non-trivial topological state in TIs is driven by spin-orbit coupling (SOC) which
results in a band inversion. In common insulators or semiconductors, the SOC is weak, and the
valence band and the conduction band are formed from the electrons in s orbitals and p orbitals,
respectively. In these materials, the valence band maxima have lower energy than the conduction
band minima, forming a bandgap throughout the Brillouin zone (BZ). But, for a TI, the energy
of the valence band would be higher than the conduction band at some specific momentum
points in the BZ, which results in the gap closing, and a quantum phase transition taking place.
Therefore, a bandgap can be closed at a critical point, inverted, and reopened a gap, which leads
to the band inversion mechanism in TIs. The SOC in heavy elements such as Hg and Te is large
enough to push the p-orbital band above the s-orbital band, and bands are inverted [18].
Similarly, in the layer tetradymite compounds Bi1-xSbx, Bi2Se3, Bi2Te3, such types of inverted
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band structures have been experimentally realized [16,19–21]. The schematic diagram of the
band inversion process is shown in Figure 6.
The TRS and other symmetries protect the band crossing point, introducing further exotic
topological states like topological crystalline insulators protected by spatial crystalline
symmetry [22]. Furthermore, with superconductivity, the TI may host Majorana fermions [23].
Similarly, the presence of TRS determines the chiral or normal Majorana mode.

1.2.2 Topological Semimetal

The topological semimetal, a three-dimensional analog of the TI and characterized by the
Dirac-like linear band dispersion, is called topological semimetal. Unlike TI, which has a
conducting surface state responsible for non-trivial topological states, the bulk state is
conducting for TSM. In topological semimetal, the conductive bulk band and the bulk valence
band touch at an accidental moment point. Such a band touching is robust against perturbation of
the Hamiltonian because certain symmetries protect it. In the absence of symmetry, the two
bands with very close energy will hybridize, and a gap is generated in-between through a
mechanism known as band inversion. But, in the presence of symmetries (TRS and inversion),
the two crossing bands would have distinct quantum numbers so that they cannot hybridize.
Thus, the band crossing can only be protected by symmetries [24]. The band crossing plays a
vital role in classifying the TSM. The different characteristics of the band crossing, for instance,
how band degeneracy occurs either at a point or along a line and the vicinity of band crossing
[25,26], play an essential role in defining the types of TSM.
The TSMs are crystalline solids, and the low-energy excitations of TSMs behaves like the
Dirac and Weyl fermions in high-energy physics. Thus, these materials could provide a
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promising platform for studying fundamental particle physics [25–27]. The non-trivial
topological bulk states and surface electronic states make TSM a good material for quantum
transport. The promising properties of these materials include unusual magnetoresistance, exotic
topological surface states, quantum oscillation with non-trivial Berry phase, chiral anomaly,
etc. [28–34]. In addition, the origin of the band crossing, whether it is enforced by symmetry or
arises because of a band inversion or not, also is a crucial aspect to distinguish a TSM [35]. The
different types of TSMs are Dirac and Weyl semimetals, nodal line semimetals, type I and type II
semimetals, multifold fermion semimetals, triple-point semimetals, etc. [35].

1.2.3 Dirac semimetal (DSM)

The Dirac semimetal can be obtained at the phase boundary during the evolution of a
normal insulator to a topological insulator, and both the TRS and lattice inversion symmetry are
preserved by the system, as depicted in Figure 7(a). In DSMs, the valence and conduction band
crossing occur at a discrete point in the Brillouin zone and disperses linearly around that point to
make a cone-like structure is called the Dirac cone. The discrete point is called Dirac node/point
and is immune to perturbation, where a massless Dirac equation governs the low-energy
electronic excitations. The Dirac points have four-fold degeneracy, which can be viewed as a
pair of degenerate Weyl nodes of opposite chirality. Thus, these degenerate Weyl nodes enforce
the instability in DSM. However, the crystalline point group symmetries, such as uniaxial
rotational symmetries and symmorphic symmetries provide a route to realize a stable DSM phase
despite having Weyl nodes of opposite chirality of quite unstable nature [35,36]. The examples
of DSM includes Cd3As2 [37–41], Na3Bi compounds [32,42,42], VAl3 [43] etc.
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1.2.4 Weyl Semimetals (WSM)

If either one of the time-reversal symmetry (TRS) or inversion symmetry is broken in a
Dirac semimetal, the spin degeneracy will be lifted, and the system will be evolved into a Weyl
semimetal. The four-fold degeneracy of Dirac semimetals evolves into doubly degenerate Weyl
nodes having opposite chirality. In addition, the WSM cannot exist while momentum space holds
Karmer’s degeneracy. The Weyl fermions with opposite chirality are considered left and righthanded WSMs. The Weyl nodes of opposite chirality are also known as monopoles (or source)
and antimonopole (or sink) of Berry flux in momentum space. The chiral having opposite
charges at different momentum spaces leads to the formation of the Fermi arc. The Fermi arcs
are open arcs having constant energy which connect the Weyl nodes of chiralities on the
surface [36]. A monopole of the Berry curvature cannot be removed without two monopoles
of opposite chiralities being brought up together. Thus, the WSMs are topologically more stable
than the DSMs unless the Weyl points remain separated in momentum space. The WSMs can be

(a)

(b)

(c)

(d)

Figure 7: Electronic structures (a) Dirac nodes (b) Weyl semimetals (c) Nodal line semimetal (d)
Types of Weyl semimetals [17].
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classified in terms of either inversion symmetry breaking WSMs (TaAs family of noncentrosymmetric crystals) or time-reversal symmetry (TRS)-breaking (eg. Co3Sn2S2, Heuslers )
WSMs [34,44–51]. Moreover, the dispersion relation further classifies these topological states
into Type-I (eg. TaAs) and Type-II (eg. WTe2, MoTe2) with weakly tilted and strongly tilted
Weyl cones near Weyl nodes [25,36], respectively, as presented in Figure 7(d).

1.2.5 Nodal line semimetal (NLSMs)

Unlike DSMs and WSMs, the nodal line semimetals (NLSMs) are associated with a
distinct band structure in which band crossing happens along a line or loop in the momentum
space [24,52], as shown in Figure 7(c). The Fermi surface of topological point semimetals
(DSM/WSM), NLSM, and normal metal is zero, one, and two dimensional, and the density of
states   (E-Ef)2, (E-Ef) and √(E-Ef ) respectively [17,36]. Therefore, the NLSMs topological
state is assumed as an intermediate state between Dirac point semimetals (DSMs and WSMs)
and normal metals. In addition, the NLSM phase can be considered a parent phase of several
topological states, as it can evolve into WSM or TI by tuning SOC or symmetry breaking.
The band crossing over a 1D line or loop in NLSMs requires different symmetries and
circumstances compared to DSMs and WSMs. An inversion and time-reversal symmetry or
crystal symmetries can preserve the nodal lines in NLMSs. Additionally, the mirror reflection
protected nodal lines with a Z- invariant, inversion time-reversal and spin rotation symmetry
with Z2-invariant, and screw rotation protected double lines with two Z-invariant are yet to be
observed through experimentally [24].
Unlike 1D Fermi arc surface states in DSM /WSMs, the NLSMs host a unique type of 2D
surface state called drumhead surface states. In 3D BZ, the drumhead surface states are
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entrenched at the direct gap between CB and VB in the 2D projection of the nodal loop. Such
type of surface state is dispersionless, and it is similar to the acoustic vibration on the surface of
the drum [53]. If the surface state is in a close approximation of the Fermi level, it can generate a
large topological density of states, which is essential for the application of topological materials
and measurement of the transport signal of topological materials. In addition to the theoretical
predictions, the topological states of these materials can be explored experimentally by using
angle resolved photoemission spectroscopy (ARPES) and quantum oscillation measurements.
The characteristics of band structure along with symmetry protections define the different
forms of NLSMs. The nodal line in the form of the closed loop inside the 3D BZ can be obtained
because of band inversion and symmetry protection. These states are gapless only in the absence
of the SOC but protected by TRS and inversion symmetry. For example, Cu3N [54], Ca3P2 [55],
Cu3PdN [56], and the ZrSiS family type. Similarly, the nodal circles are also observed in noncentrosymmetric crystals and are protected by a mirror plane. This type of topological state is
reported on PbTaSe2 [57] and CaAgAs [58,59], which are stable even in the presence of SOC.
Moreover, a nodal line can be a straight line that traverses through the BZ is observed in
BaNbS3 [60]. Furthermore, the nodal line can form Hopf links and nodal chains due to
interlinking in k space, protected by the multiple perpendicular mirror planes or nonsymmorphic
symmetries [61,62].
Among the reported NLSMs, the WHM (W= Zr/Hf, H= Si/Ge/Sn, M=O/S/Se/Te) family
holds a large number of NLSMs [63–69]. This family of materials hosts a gapless Dirac state
protected by nonsymmorphic symmetry. In addition, a Dirac nodal line generated by a glide
mirror symmetry is gapped by SOC, as shown in Figure 6. The materials of this family
crystallize in the tetragonal PbFCl-type structure and are comprised of 2D square nets of H
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atoms sandwiched by a W-M bilayer. Due to weak van der Waals interaction between layers,
these materials can be thin down to atomically thin 2D layers by simple exfoliation technique,
which opens a new avenue to realize 2D topological insulators in a monolayer [70]. Furthermore,
this large family of materials has the potential to drive into different topological states by tuning
SOC, electron dimensionality, and lattice constant through element substitutions. Additionally, a
magnetic version of WHMs, called magnetic nodal line semimetal (MNLSs), can be introduced
in the rare-earth compounds LnSbTe (Ln = Lanthanides).

1.2.6 Magnetic nodal line semimetals (MNLSs)
The introduction of rare-earth elements in these WHM compounds activates the spin
degree of freedom, which provides a neoteric route further to investigating exotic quantum
states [71–74]. In magnetic LnSbTe, the magnetic coupling introduces by non-zero 4f electrons
and the emergence of various interactions gives rise to physical phenomena such as the Kondo
effect, charge density waves, and strongly correlated electron systems [72,74]. In addition, the
compounds CeSbSe, CeSbTe, NdSbTe, GdSbTe, and HoSbTe have shown other exciting
phenomena due to the interplay between magnetism and topological states, elemental
substitutions, and lattice distortion, etc. [75–78]. With this motivation, this dissertation focuses
on synthesizing previously unexplored magnetic nodal line topological semimetals (MNLSs) and
studying their structural, electronic transport, magnetization, heat capacity, and topological
properties.
In this work, we synthesized previously unexplored MNLSs such as NdSbTe, SmSbTe,
as well as non-magnetic LaSbSe. The structural and elemental characterization was performed
by using energy-dispersive X-ray spectroscopy (EDS) and X-ray diffraction (XRD). The
physical properties measurement system (PPMS) was used for the magnetization, electronic and
16

magnetotransport, and heat capacity characterization. The detailed crystal growth methods,
characterizations, and outcomes of this research will be presented in the following chapters.
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Chapter 2: Experimental Methods

The primary target of this research is to synthesize previously unexplored magnetic
topological semimetals in order to study the structure, magnetization, heat capacity, and
electronic band structure. A detailed explanation of all experimental methods involved in this
research is shown below.

2.1 Crystal Growth

The science and arts of material synthesis have played a significant role in expanding the
frontier of today’s technological world. The quality and size of a crystal play vital roles in the
proper functionality of the crystalline materials for real world technological applications. The
intrinsic and extrinsic defects are commonly observed in all types of crystals. The presence of
extrinsic defects can be controlled by optimize material synthesis methods, however, the control
of intrinsic effects requires a profound understanding of the underlying growth mechanism [79].
The Gibbs free energy G = H-TS, where G is Gibbs free energy, H is enthalpy, T is the
absolute temperature, and S is the entropy, is the guiding force for most crystal growth processes,
regardless of whether it follows physical or chemical transformations to get crystal form [79,80].
The Gibbs free energy is minimized under the equilibrium conditions. The growth period of bulk
crystals varies from a few hours to months, and an equilibrium is generally expected over a long
period of growth. In addition to the crystals, a phase diagram is one of the significant outcomes
of thermodynamically equilibrium growth. Proper use of a phase diagram is necessary to obtain
crystals of the desired phase.
The formation of a crystal occurs in two distinct stages. The first stage is the nucleation
process, which involves the formation of tiny clusters of the new phase. Such a small cluster can
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grow irreversibly to a macroscopic size. The nucleation can be homogeneous and heterogeneous,
and both types are known as primary nucleation. The distinction between them is according to
the site where nucleating events occur. The nucleation will be homogeneous if the solution does
not contain any foreign particles, whereas the presence of foreign particles/impurities leads to
heterogeneous nucleation.
According to nucleation theory, the amount of energy required to make a collection of n
number of molecules is obtained by taking difference of free energy in its final and initial states
and adding a term which require form an interface between nucleation and solution. So, the
change in Gibbs free energy is
∆𝐺 = −𝑛∆𝜇 + 4𝜋𝑟 2 𝜎

Equation (5)

Where ∆𝜇 indicates a difference between the chemical potential of molecules in the solution and
that in the bulk state of the crystal, r is the radius of the nucleus, and 𝜎 is the surface energy per
unit area. If a molecule in the crystal has a volume of V, then each nucleus contains
4
3𝑉

𝜋𝑟 3 molecules. This relation can be expressed as

Figure 8: Total free energy versus crystal size
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where ∆𝐺𝑣 = −

4
𝜋𝑟 3 ∆𝜇
3

𝑉

4 3
𝜋𝑟 ∆𝜇
∆𝐺 = − 3
+ 4𝜋𝑟 2 𝜎
𝑉

Equation (6)

= ∆𝐺𝑣 + ∆𝐺𝑠

Equation (7)

and ∆𝐺𝑠 = 4𝜋𝑟 2 𝜎 are defined as volume energy and surface free energy,

respectively. In figure 8, ∆𝐺𝑣 is a function of r shows how Gibb’s function reaches the
maxima. This implies the energetic barrier that needs to be achieved to obtain a stable nucleus
and growth. If a nucleus achieves a critical radius, then growth will continue with a decrease in
free energy with the addition of another atom or molecule. On the other hand, a nucleus of a
radius less than the critical size/radius will shrink and dissolve.
The second stage of crystal formation is crystal growth, which involves increasing the
size of the crystal. In this process, an atom or molecule bonds to the surface of a growing crystal,
which causes an increase in size. The transportation of atoms over the solution, the attachment of
atoms to the surface, the movement of atoms on the surface, and atoms attached to the edges and
kinks are the fundamental stages involved during crystal growth [79,80].
Different tools and techniques were used to synthesize single crystals in this research.
Among various techniques, the metal-flux, chemical vapor transport (CVT), Bridgman, Optical
floating zone (OFZ), and Czocharalski techniques are relatively efficient techniques to
synthesize single crystals of various topological quantum materials. The techniques are
determined by various components like volatility, thermodynamic steadiness, doping conditions,
and the size of the crystals. Furthermore, the selection of particular crystal growth method is
determined by the physical and chemical properties of expected compounds, which directly
impact the defects on a lattice, impurities, crystal size, and morphology. This research uses the
metal flux and chemical vapor transport method as a primary crystal growth technique to grow
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several 2D, layered, magnetic, and non-magnetic topological materials, which will be discussed
in the following sections.

2.1.1 Metal flux method

A schematic of the metal flux crystal growth technique using two different crucibles
configurations is shown in Figure 9. This growth technique is a straightforward and versatile
approach to grow a single crystal of different materials such as chalcogenides, pnictides, and
ionic oxides to intermetallic Heusler compounds. This method only requires an appropriate
crucible and furnace with homogeneous temperature distribution instead of a complicated or
specialized equipment setup. In this method, primary source elements were dissolved into an
appropriate low-melting point flux to achieve a solution that is supersaturated at high

Figure 9: A schematic of single crystal growth using the metal flux method.
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temperatures. During slow cooling process, the crystals nucleate, and single crystals of desired
compositions can be grown. A phase diagram can be used to select appropriate flux having low
melting temperature. The common flux used to grow single crystals include bismuth, aluminum,
selenium, tin, tellurium, indium, antimony, or a mixture of non-reactive salts KCl/NaCl, RbClLiCl, etc.
All the source elements get dissolve in melted flux and forms a homogeneous mixture,
which turns into a crystal upon reaching the saturation limit during cooling. The additional flux
can be separated by centrifuging or decanting ampoule at a temperature above the melting point
of flux. The cooling rate is typically determined by the kinetics of the growth and the
concentration -temperature slope in phase diagram; typically, slow cooling rate of 1-10 K/hr is
preferred. If the flux itself is one of the elements of the expected compound, it is called self-flux
growth. Similarly, if the flux is not a forming element of the desired compounds, it is called
external flux growth. For example, Te is a self-flux to grow CrSiTe3, whereas Sn is an external
flux to grow CeSb single crystals. The flux growth is limited to the materials which can exist in
equilibrium in liquidous form, but a metal flux can often enter the crystal as inclusion, and it is
difficult to remove. In some growths, the flux method has appeared more efficient than others.
(a)

(b)

(c)

Figure 10: (a) Box furnace, (b) vacuum line used to seal quartz tube (c) crucible used in flux
method.
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The Cd3As2crystals grown by the flux method have a needle-like structure with higher mobility
and magnetoresistance than the polygon-shaped crystal grown by chemical vapor transport
(CVT) [29]. Similarly, the crystals grown by this method have improved stoichiometry and low
defect concentrations, as illustrated by the growth for WTe2, MoTe2 [81–83].
The furnace and the vacuum line used to seal the ampoule are shown in Figure 10. The
materials were sealed on a quartz tube. The materials were loaded into Al2O3 crucibles inside a
glove box made by VTI technology Incorporation and cooked on a muffle furnace. A homemade
vacuum line was used for the ampoule sealing purpose, as shown in Figure 10.

2.1.2 Chemical vapor transport (CVT)

In the chemical vapor transport method, all the material components must convert into
vaporous species reversibly so that redeposition can occur elsewhere in the form of single
crystals. In this method, the initial source materials normally get vaporized, transported, and
(a)

(c)

(b)

Figure 11: Chemical vapor transport method (a) schematic of an ampoule for CVT method. (b) a
schematic of two-zone furnace. (c) Double-zone furnace used to grow crystals by CVT.
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deposited in the form of crystals. In CVT, a mixture of different elements or the pre-reacted
homogeneous polycrystal powder is used as source materials, whereas nucleation usually happens
at the sink. The source and sink of quartz ampoule are adjusted at high temperature, and low
temperature, respectively, and a continuous temperature gradient is maintained to get binary or
more complex compounds. The accumulation of the crystals occurs at a low-temperature zone or
higher temperature based on the type of reaction, whether it is endothermic or exothermic,
respectively. The crystal growth can be facilitated by using the transport agent such as various
halogen-based compounds such as Cl2, Br2, I2, HCl, HBr, HI, and metal halides. The transport
agent assists the transportation of vaporous source material throughout the ampoule for the
deposition as single crystals. The temperature gradient between two temperature zone further
facilitates the mass transport of gaseous form of source material. The selection of transport agents
is essential, which drives the overall thermodynamics of the CVT method crystal growth. If the
Gibbs free energy is extremely high, the source materials will not be vaporized, and transport
could not happen. But, for highly negative Gibb’s energy, the source materials will be readily
volatilized, and the redeposition of the solid single crystals at the low-temperature zone is
possible.
In the CVT method, a similar setup (Figure 10b) was used for making an evacuated quartz
ampoule. The ampoule size was made approximately 15 cm, which is comparable to the distance
between two temperature zones of the dual-heating zone tube furnace. as presented in Figure 11.
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2.2 Characterization

The crystals synthesized by the aforementioned methods were further characterized by
using different techniques. The structural, electronic, and magnetization measurements are the
critical characterization techniques we adopted as discussed below.

2.2.1 Structure and Phase determination

In this research, we used energy-dispersive x-ray spectroscopy (EDS) and X-ray
diffraction (XRD) techniques to determine the structure and phase of the materials.

2.2.2 Energy-dispersive X-ray spectroscopy (EDS)

The energy-dispersive x-ray spectroscopy (EDS) is a powerful technique for the
elemental composition analysis of the desired sample. High energy electron beam radiation is
used to expel ‘core’ electrons from an atomic orbital. The removal of electrons from the atomic
orbital will leave a hole that a high-energy electron can fill in, and it will release energy in terms
of photon (X-ray) with characteristic wavelength that can be probed by a detector as shown in
Figure 12.

Figure 12 : Energy dispersive X-ray spectroscopy.
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2.1.3 X-ray diffraction (XRD)

X-ray diffraction is a powerful nondestructive characterization technique to extract
crystallinity information of any material. This technique provides various crystal information,
such as crystal structure, phase, crystal orientation, and different structural parameters such as
average grain size, strain, and crystal defects. The X-ray diffraction spectrum is produced due to
constructive interference while the monochromatic beam of X-rays diffracted at specific angles
from each set of lattice planes in a sample. The location, intensity, and profile of Bragg peaks
depends on the type and distribution of atoms. Thus, the produced x-ray diffraction pattern is
considered a fingerprint of the crystal lattice structure for each material, which provides full sets
of structural and phase information. The experimental setup for the XRD is as shown in the
schematic diagram Figure 13.
In this work, the X-ray diffraction (XRD) measurements were performed using the inhouse Panalytical X’pert Pro MRD diffractometer. The diffractometer is equipped with a fixed
1.6 kW X-ray tube and Cu-anode that produces the monochromatic CuK1 radiation of

Figure 13: The experimental setup of X-ray diffractometer with key components. The  is the
incident beam angle with respect to the sample stage and 2 is the scattering angle.
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wavelength () 1.5406 Å. In addition, the structural parameters were determined by singlecrystal X-ray diffraction with the help of Prof. Jian Wang from Wichita State University. The
data were collected in a nitrogen environment at 90 K using a Bruker SMART APEX-II
diffractometer equipped with a CCD area detector and graphite monochromated Mo-K radiation
( =0.71073 Å). The data reduction and integration and global unit cell refinement were
performed by using APEX2 software. The atomic structure was determined by direct methods
and refined by full-matrix least-squares methods on F2 using the SHELX package with
anisotropic displacement parameters for all atoms.

2.2.4 Electronic transport

The Dynacool physical property measurement system (PPMS) is used to run a variety of
automated electrical, magnetic, and thermal measurements. It is an equipment having an
adjustable temperature-field system that is elevated to execute measurements at 1.8-400 K
temperature range and -9 T to 9 T field strengths. The temperature range can even be lowered to
0.35 K using a Helium-3 insert. The optical image of the PPMS system used to perform
electrical, magnetization and heat capacity measurements is as shown in Figure 14. The PPMS

Figure 14 : Dynacool physical properties measurement system (PPMS) [83].
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has resistivity (DC) and an electronic transport (AC) option for the electronic transport
characterizations. These two options are capable of both four and two probe measurements. We
normally adopt the standard four-probe setup because it eliminates the contact resistance. In this
setup, a sample would have two leads to pass the current, and two separate voltage leads are used
to measure the potential difference across the sample, as shown in Figure 15a. The measurement
can be carried out at temperatures 2-400 K and -9 T-9 T magnetic field strength. The transport
measurements under magnetic field, i.e., magneto transport, provides the magnetoresistance and
the Hall effect, which allows extracting carrier concentrations, type, and different topological
properties.
(a)

(b)

Figure 15: (a) A schematic of four-probe transport measurement (b) Sample mounting puck used
in PPMS [83].
2.2.5: Magnetization

The PPMS has the versatility to measure both the AC and DC susceptibility of the
materials. In AC magnetization measurements, the small AC magnetic field is applied as
a driving field, such that the sample experiences a time-varying magnetization. The time-varying
magnetization induces an emf in the pickup coil, proportional to the magnetization, permitting
measurements without motion. During AC susceptibility measurement, the AC-drive coil
delivers an alternating field, and the detection coil responds to the effect of the sample moment
and excitation field. The drive coils and detection coils are concentric with each other. The
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frequency of the alternating field and the temperature are factors to determine the field
amplitude. However, larger field can be applied by increasing frequency and lowering
temperature.
During a DC magnetization measurement, a sample is magnetized and oscillates at the
center of two detection coils. The coil set then picks up a signal proportional to the
magnetization, amplitude, and vibration frequency. The pickup coils have two coils in series and
are placed just above and below the sample. An external and constant field is applied during the
measurement, which causes vibration to the sample longitudinally at the center of the

Figure 16: Coil used in ACMS-II magnetization measurement [83].
gradiometer. As a result, a signal is induced to the system based on Faraday’s law.
The time-dependent induced voltage is given by
Vcoil = (dφ)/dt
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Equation (8)

= ((dφ)/dt)(dz/dt)

Equation (9)

where φ is the magnetic flux permeating by pickup coils and z sample position with respect to
the coil and t is time. For a sample oscillating during measurement, the voltage is given by
Vcoil = 2πfCmAsin(2πft)

Equation (10)

where C is a coupling constant, m is the DC magnetic moment of the sample, and A and f are the
amplitude of oscillation, respectively.

2.2.6 Heat capacity

Heat capacity measurements can be used to probe information of the materials like
lattice, electronic and magnetic properties of materials. The relaxation technique is used in the
Quantum Design PPMS system to execute the heat capacity measurement. The measurement
system has good control while heat is added to and removed from the sample while supervising
the temperature change. At the time of measurement, a specific amount of heat is supplied to the
sample at constant power for a certain interval, which follows a cooling period for the same
period. After completion of one measurement cycle the overall temperature response of the
sample platform will be fitted to a model that accounts both the thermal relaxation of the sample
platform to the bath temperature and the relaxation between the sample platform and the sample
is fitted by the heat capacity system itself. However, the relaxation effect between the platform
and sample must be accounted for when the thermal connection between the sample and platform

Figure 17: A schematic of sample platform for heat capacity measurements.
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is not good. By doing so, the software called multiVu provides more precise heat capacity
characteristics despite of having poor sample-platform contact.

2.2.7 Electronic band structure
Angle-resolved photoemission spectroscopy (ARPES) is a powerful experimental
technique to probe the electronic structure of solids. This characterization technique provides an
opportunity to directly compare experimental observation and first-principles calculations. This
technique utilizes the well-known Einstein photoelectric principle to collect the electronic
structure information from photoelectrons emitted from the surface of the material. The high-

Figure 18: Schematic of experimental setup for ARPES.
energy photons are used to excite the electron to the energy level above the vacuum energy level.
By analyzing the energy and momentum of the ejected electrons, information of the electronic
structure can be obtained. ARPES together with the band structure calculations have been
playing vital roles in the discovery of topological materials such as Weyl fermion, Fermi arcs,
chiral fermions, and a surface states in topological insulators.
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The aforementioned principle, techniques, and tools are used to characterize the physical
and electronic properties of the materials. In the following section, I will be discussing the
method implemented to grow single crystals of particular materials and their output.

2.3 Single Crystal synthesis of Layered, Magnetic- Nonmagnetic compounds

The single crystals of materials play a significant role in the development of electronics
and optoelectronic devices. The quality of single crystals is determined by different factors
involved during the crystal growth, such as growth techniques, quality and content of starting
materials, phase diagram and temperature profile, etc. Several layered, magnetic, and nonmagnetic materials were grown in the lab using flux and CVT techniques, and the crystal
growths of selective compounds are presented below.

2.3.1 LnSbTe (Ln = La, Ce, Pr, Sm, Gd)

The single crystals of LnSbTe are grown in two-step chemical vapor transport (CVT)
method. The starting materials Ln, Sb and Te was purchased from ESPI Metals, Alfa Aesar
respectively and were taken in stoichiometric composition to grow the polycrystals of respective
compounds. The rare earth compounds are sensitive to air/moisture, so all the materials were
sealed inside a glove box in a nitrogen environment. In the study of evolution of properties with
composition for LnSbxTe2-x, the composition of antimony (Sb) and tellurium (Te) were tuned to
get desired compositions in single crystals. However, in this family of compounds, the nominal
ratio does not necessarily determine the composition of single crystals.
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Figure 19: Images of LaSbTe, CeSbTe, GdSbTe, PrSbTe, SmSbTe and LaSbSe single crystals.

2.3.2 LnTe3 (Ln = La, Sm)

The extremely large mobility, antiferromagnetic ground state, Shubnikov-de Hass
oscillation, and weak interlayer interaction on NdTe3 and GdTe3 compounds motivated us to
explore two compounds with similar structures SmTe3 and LaTe3 [84,85]. The single crystals of
LnTe3 were grown by the self-flux method. The materials purchased from ESPI Metals, Alfa

Figure 20: Temperature profile used to grow LnTe3 (Ln = La, Sm).
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LaTe3

SmTe3

Figure 21: Optical images of LaTe3 and SmTe3.The small square box measures 1 mm2
Aesar were sealed on a quartz ampoule in a 1:10 nominal ratio and evacuated at a pressure of 1
Pascal. In this growth, Tellurium (Te) was taken as a metal flux having a relatively low melting
temperature compared to Ln. The temperature profile used for this method is shown in Figure 20.
The ampoule was cooled slowly and centrifuged at 500° C (higher than the melting temperature
of Te) to remove the excess Te flux. Square-like single crystals of a millimeter-sized, soft, and
golden colors were obtained, as shown in Figure 21. These crystals are efficient for mechanical
exfoliation, leading to ultrathin flakes with exotic characteristics.

2.3.3 LnSb (Ln = La, Ce, Pr, Nd, Gd)

LnSb is another rare earth compounds family with various exotic properties. These
materials have colossal magnetoresistance and magnetic ground states [86–89]. In our lab, we
grew single crystals of LnSb by using an external flux method. In this growth, tin (Sn) was used
as an external metal flux. Since flux must dissolve other materials during growth, the amount of
Sn was greater than other elements. In this growth, the nominal ratio Ln: Sb: Sn was 1:1:10. The
millimeter-sized single crystals of metallic luster (as shown in Figure 22) were obtained by
removing the Sn flux. One of the significant challenges of the external metal flux single crystal
growth technique is to remove an external flux completely from the single crystals. Different
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etchants and methods can separate crystals from the external flux. But, for this materials family,
Sn flux stuck on LnSb single crystals was removed by using Hydrochloric (HCl) acid.

Figure 22: Optical images of LaSb, CeSb, PrSb, NdSb and GdSb single crystals. The Sn-flux
sticked on single crystals can be washed away by using HCl acid.

2.3. Cu2Sb

The single crystal of Cu2Sb was synthesized by using the self-flux method. The starting
materials Cu and Sb were taken in 54% and 46% of the total starting material, respectively, to
grow Cu2Sb single crystals. The source materials were cooked at 1000° C for two days and
ramped down to 550° C at a 5° C/hrs cooling rate, and centrifuged at this temperature as
suggested by the phase diagram shown in Figure 23 [90]. The optical images of the crystals and
the temperature profile used to grow Cu2Sb single crystals are shown in Figure 24. The EDS and
XRD characterization were performed to determine the structure and phase of the Cu2Sb single
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crystals. The sharp XRD pattern shown in Figure 25 depicts the excellent crystal quality of the
grown crystals.

Figure 23: Cu-Sb phase diagram used to grow Cu2Sb single crystals [87].

(a)

(b)

Cu2Sb

Figure 24: (a) Temperature profile to grow Cu2Sb. (b) Image of Cu2Sb single crystals.
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Figure 25: XRD pattern of Cu2Sb single crystals. Inset: layered crystal structure of Cu2Sb.

2.3.5 CrSiTe3 and CrGeTe3

The CrSiTe3 and CrGeTe3 are promising candidates for 2D magnets that can be exfoliated
down to single layers. In our lab, the single crystals of CrSiTe3 and CrGeTe3 were grown by the
self-flux method. The starting materials Cr:Si:Te or Cr:Ge:Te in 1:1:10 nominal ratio were
loaded in Al2O3 crucibles, quartz wool as a filter, and sealed on evacuating quartz vial. The
temperature profile used to grow crystals is shown in Figure 26(a). Single crystals of CrSiTe3
and CrGeTe3 wre obtained by removing excess flux through the centrifuge, as shown in optical
images in Figurees 26(b) and 26(c).
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Figure 26: (a) Temperature profile used to grow CrSiTe3, CrGeTe3 single crystals (b) Optical
image of CrGeTe3 single crystal (c) optical image of CrSiTe3 crystal

2.3.6 XMnY2(X=Ba, Sr; Y=Sb, Bi)

Single crystals of BaMnSb2, BaMnBi2, SrMnSb2, SrMnBi2 were grown by self-flux
method. The stoichiometric ratio of the materials was sealed in a quartz ampoule with the Al2O3
crucible in inert environments. Sr and Ba are reactive to quartz and can crack at higher
temperatures (> 1050° C); double tubes will be preferred for the growth. The temperature profile
and optical images of the crystals are as depicted in Figure 27.
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Figure 27: (a) Temperature profile used to grow single crystals XMnY2 (b) Optical image of
BaMnSb2 single crystals (c) optical image of SrMnSb2 single crystals. Small square mesh
measures 1mm2.

2.3.7 ZrXY (X=Si,Ge;Y=S,Se,Te)

The ZrXY materials with two types of Dirac states have recently gained intensive
attention. The weak interlayer interaction allows this family of materials to be exfoliated into
nanoflakes. Single crystals of ZrXY were grown by CVT methods with I2 as a transport agent.
The materials were finely grounded before loading into the quartz ampoule and evacuated with
pressure at 1-pascal pressure. The temperature profile, and the crystals grown from this family
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are shown in Figures 28. The optical images of the crystals of this family are as shown in Figure
29.

Figure 298: Temperature profile to grow ZrXY crystals using CVT method.

Figure 289: Optical images of ZrSiSe, ZrGeSe, ZrSnTe, ZrGeTe, ZrGeS, ZrSiS single crystals.
.
In conclusion, we grew a large number of layered, magnetic, non-magnetic single
crystals. We optimize the growth technique by tuning the starting materials compositions,
maximum annealing temperature, cooking duration, and transport agents to get good quality
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crystals during crystal growth. Similarly, the materials with high vapor pressure have elevated
risk of ampoule explosion due to inappropriate ramping rate and growth temperature. The slow
temperature ramping rate, thick-walled quartz tube, less amount of source materials, and double
tube method were used to avoid such a possible explosion.
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Chapter 3: Electronic and Magnetic properties of Topological semimetal candidate NdSbTe

Nodal line topological semimetals provide novel transport phenomena and a rich
platform to study the topological states of matter beyond topological insulators. The magnetic
nodal line semimetals possess an inherent magnetism, including exotic electronic structures,
which offers opportunities to interplay magnetism and topological phases to explore topological
fermions and device applications. Here, I discussed our work on discovering magnetic
topological semimetal NdSbTe, which possess antiferromagnetic ground states with possible
kondo effects and enhanced electronic correlations. This chapter is based on our published work
in Physical Review B 101, 235161 (2020) (https://doi.org/10.1103/PhysRevB.101.235161) [74].

3.1 Introduction

The discoveries of topological quantum materials have created a promising platform to
study fundamental physics and develop a wide range of next-generation technological
devices [25–27]. These materials include a wide range of materials such as superconductors,
graphene, topological insulator, topological semimetals, quantum spin liquid, etc. In addition,
these materials possess relativistic fermions whose low-energy electronic excitations resemble
the Dirac and Weyl fermions in high-energy physics. The topological semimetals (TSMs) exhibit
various technically useful properties such as large magnetoresistance, ultrahigh carrier
mobility [29], and possess exotic quantum phenomena, including chiral anomaly [28,30,91,92]
and unusual fermi arcs [32,33,93]. So far, a large number of TSMs have been predicted, and
many of them have been experimentally demonstrated [26,27,36,47,94–96]. Among them, the
ZrSiS-family topological materials are getting intensive attention as they harbor 2D gapless
nonsymmorphic Dirac states and Dirac nodal-line close to Fermi level [63,64,97,98]. The
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material of this family crystallizes in a tetragonal PbFCl-type structure with space group
P4/nmm, which hosts two dimensional (2D) square nets of Si sandwiched between Zr-S
bilayers.The ZrSiS-family is a large materials family which includes
Zr(Si/Ge)(S/Se/Te) [65,67,69,99,100], Hf(Si/Ge)(S/Se/Te) [68,101] and ZrSnTe [66,102], which
brings great tunability such as spin-orbital coupling and electronic dimensionality. These
compounds can be thinned down to thin layers with layered crystal structures with relatively
weak interlayer binding force [66,100], which may evolve into other exotic quantum states such
as quantum spin Hall insulator states in monolayer form [63]. Thus, these unique properties
make NLSMs more suitable for real-life device applications among the known topological
semimetals.
In addition to the aforementioned compounds in which, the square net planes formed by
group-IV elements (Si, Ge, and Sn) play a significant role in generating the topologically nontrivial band. Similarly, the Sb (group V) network can also support topological fermions in the
related compound, LnSbTe (Ln = lanthanides). So far, only a few LnSbTe compounds have been
studied [71,73,76,78,103–107]. The orthorhombically distorted nonmagnetic LaSbTe [63,104]
has been suggested to be a topological insulator, whereas the nodal-like topological states have
been observed for GdSbTe, HoSbTe, and SmSbTe in angle-resolved photoemission spectroscopy
(ARPES) [71,73,108,109]. In addition, the rich magnetic phases of CeSbTe originated from the
4f-magnetism of Ce have inspired the predictions of Dirac and time-reversal breaking Weyl
states tunable by temperature and magnetic field [78]. Providing the rich magnetic
properties [76,103,105,106] and large material pool available by varying Ln in LnSbTe, this lessexplored family provides a rare platform for investigating the interplay between magnetism and
electronic band topology, which awaits further experimental and theoretical efforts.

43

With this motivation, we synthesized single crystals of the previously unexplored
NdSbTe compound and studied their magnetic, calorimetric, and electronic transport properties.
We found NdSbTe possesses an antiferromagnetic (AFM) ground state with field-induced
metamagnetic transitions, which couples with the electronic transport properties. The Kondo-like
feature in transport, together with the significantly enhanced electronic correlation, implies that
NdSbTe is a model system showing coupling between magnetism, topology, and electron
correlations, which may give rise to new quantum phenomena such as the Kondo-Weyl state and
correlated topological fermions with further tuning.

3.2 Experiment:

The NdSbTe single crystals used in this work were synthesized by a chemical vapor
transport method using I2 as the transport agent. Millimeter-sized single crystals of metallic luster
were obtained as shown in the inset of Figure 30(a). The detailed growth mechanism is explained
in the crystal growth section of chapter 2. The composition and structure of the synthesized
crystals were examined by energy-dispersive x-ray spectroscopy (EDS) and x-ray diffraction
(XRD), respectively. Magnetization, specific heat, and electronic transport were measured by
using a physical property measurement system (Dynacool PPMS, Quantum Design).

3.3 Results and Discussion:

The single-crystal X-ray diffraction pattern for NdSbTe is shown in Figure 30(a), which
unveils the excellent crystal quality as demonstrated by the sharp (00L). The c-axis lattice
parameter extracted from the X-ray spectrum was 9.36 Å is in between that of CeSbTe [78,105]
and GdSbTe [71,76,106], which is consistent with the ionic radius of rare-earth elements (Ce3+ >
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Nd3+ >Gd3+) and implies the structural similarity of these compounds. The crystal structure of
LnSbTe is believed to be analogous to the ZrSiS-type [110]. The layered structure of LnSbTe is
formed by the stacking of Te-Ln-Sb-Ln-Te slabs along the c-axis, with the Sb plane is
sandwiched by Ln-Te bilayer as depicted in Figure 30(b). The Sb layer is reminiscent of the Si
square net in ZrSiS, which hosts 2D/quasi-2D relativistic fermions [63,64,67]. Furthermore, the
Sb layer can be partially substituted Sb by Te, leading to non-stoichiometric composition of
LnSbxTe2-x. Such a composition non-stoichiometry can lead to orthorhombic distortion as
observed in GdSbTe [76]and CeSbTe [111], though the orthorhombic distortion does not affect
the presence of topological fermions in LnSbTe [71,76,104]. In our single-crystal study, nonstoichiometric NdSb1-xTe1+x with x ranging from 0.2~ 0.4 has also been observed. In this study,
we focus on high Sb content (x ~ 0.2) compounds if not specified.

Figure 30: (a) Single crystal X-ray diffraction pattern for NdSbTe, showing the (00L) reflections.
The inset shows optical microscope image of NdSbTe single crystal. (b) Layered crystal
structure of NdSbTe [73].
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The presence of magnetic rare earth elements provides a good opportunity to study the
coupling between magnetism and topological quantum states [71,78]. Antiferromagnetic (AFM)
ground state and the metamagnetic spin flop transition has been observed in
CeSbTe [78,105,111], GdSbTe [71] and HoSbTe [112]. For NdSbTe, we have also observed an
AFM ground state. As shown in Figure 31, with the out-of-plane (H||c) and in-plane (H||ab)
magnetic field of 0.1 T, the temperature-dependent molar magnetic susceptibility χmol (= M/H) of
NdSbTe displays a peak around 2.7 K. The magnetic ordering has been observed in zero-fieldcooling (ZFC) and field-cooling (FC) without any irreversibility as presented in Figure 31. Such
transition temperature of 2.7 K appears insensitive to the composition stoichiometry; however,
the magnetic susceptibility was suppressed with increasing field strength (Figure 32). In addition,
the ordering temperature is shifted to lower temperature with increasing field strengths and
becoming on-observable down to 1.8K at μ0H = 5 T. For T > 50 K, χmol in the paramagnetic state
can be described by Curie Weiss law  mol =0 + C

T −

where  0 is the temperature-

Figure 31: Temperature dependence of magnetic susceptibility of NdSbTe under out-of-plane
(H//c) and in plane (H//ab) magnetic fields [73].
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Figure 32: Magnetic susceptibility taken under different magnetic field from 0.1 T to 9 T [73].
independent part of susceptibility and C is the Curie constant and Θ is the Weiss temperature, as
shown in Figure. 31. An effective magnetic moment of eff = 3k B C / N A = 3.6 B can be
obtained from the fitted Curie constant, in agreement with the theoretical value of 3.62B for
Nd3+ with 4f 3 configurations. The negative Weiss temperature of -17.8 K is comparable with
CeSbTe (-10 ~ -23.9 K) [78,105], GdSbTe (-19~ -24K) [71,76,106] and HoSbTe (-22.5 and 35.2 K) [112], implying AFM exchange interaction between Nd moments.
The linear field dependence of the isothermal magnetization in the low field region (|μ0H|
< 1.4 T) is also consistent with an AFM ground state as depicted in Figure 33. In both
temperature- and field dependences, susceptibility and magnetization are much larger for H//c,
implying that the c-axis is the easy axis. At higher fields, the deviation from linearity have been
observed in M (H) below the AFM ordering temperature TN = 2.7 K. M exhibits a steeper
increase with field beyond Hc1 ≈ 1.4 T and evolves toward sublinear field dependence at the
higher field above Hc2 ≈ 3.8 T. These critical fields Hc1 and Hc2 do not show anisotropy and
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appear the same for H//c and H//ab, though the C axis should be the easy axis given the larger
magnetization for H//c. The observed magnetization behavior is most likely attributed to an
AFM-to-canted AFM transition at Hc1 and a subsequent field-driven FM polarization at Hc2,
which is reminiscent of the AFM topological insulator MnBi2Te4 [113]. Similar types of
metamagnetic transitions have been probed in CeSbTe, GdSbTe, and HoSbTe, which also
exhibit AFM ground state [71,78,105,112]. A fully polarized FM phase in CeSbTe can be
reached state at low field (< 1 T for H//c) [78,105,111], while in GdSbTe field-driven moment
canting has been proposed [76,106]. But, spin polarization is observed beyond 4T in the case of
HoSbTe [112]. The metamagnetic transitions and FM polarizations provide a new approach to
turn on/off the time-reversal symmetry, which has been proposed to modify the topological
phases in CeSbTe [78]. The field dependence of magnetization at different temperatures is
shown in insets of Figure 33, which shows the suppression of magnetic moments with increasing
temperature.

2
K
300
K

Figure 33: Filed dependence of magnetization at 2 K for H//c and H//ab. The inset shows the
magnetization at different temperature T = 2, 5, 10, 20, 50, 150, and 300 K for H//c [73].
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In addition to the magnetization measurement, specific heat measurement as a bulk
measurement technique also provides important information for magnetic order. As shown in
Figure 34, an external magnetic field changes specific heat, even above TN, leading to specific
heat enhancement up to ~ 22 K. Assuming that the specific heat change is mainly due to the
response of the sample magnetism to the external field, our data imply remarkable magnetic
fluctuations ~20 K above the ordering temperature. The measured total specific heat Ctot can be
expressed as Ctot = Cm + Cel + Cph, where Cel and Cph represent the conventional electronic and
phonon specific heat, respectively. Generally, separating each term is not difficult since Cel = γT
and Cph = βT3 when T << Debye temperature ΘD. However, in NdSbTe the magnetic fluctuations
extend to high temperatures, where the T 3-dependence for Cph becomes inaccurate.
Alternatively, we adopt the structurally similar, non-magnetic LaSbTe as a reference sample to

Figure 34: Temperature dependence of specific heat capacity measured under different magnetic
fields from 0 to 9 T. The field is applied along H//c and the inset shows the zoom-in view of lowtemperature specific heat [73].
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approach Cph for NdSbTe. As shown in Figure 35, the specific heat for LaSbTe (blue line) does
La
La 3
not display any anomaly and follows conventional C (T ) =  T +  T with γLa = 0.51

mJ/mol K2 and βLa = 0.40 mJ/mol K4 from 1.8 to 3 K (Figure 36), so the phonon specific heat of
La
(T ) = C (T ) −  LaT . According to
LaSbTe in the whole temperature range can be extracted by Cph

the corresponding state principle [44], the phonon entropy Sph for NdSbTe and LaSbTe can be
expressed by a universal function f(T/θ) where θ is the material-dependent parameter. From the
derivative of the phonon entropy SPh, the phonon specific heat of NdSbTe, can be expressed by
Nd
La
that of LaSbTe by Cph (T ) = A  Cph (B  T ) , where A and B are renormalization factors.

Therefore, the specific heat for NdSbTe can be represented by C (T ) =
Nd

CmNd (T ) + CelNd (T ) + CphNd (T ) = CmNd (T ) +  NdT + A  CphLa (B  T ) , which reduces to C Nd (T ) =  NdT +
A  CphLa (B  T ) in the high-temperature paramagnetic phase where is negligible. With the known
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Figure 35: Specific heat divided by temperature C/T for NdSbTe (red) and the reference sample
LaSbTe (blue). The black curve is the fit according to the corresponding principle [73].
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𝐿𝑎
𝐶𝑃ℎ
(T) we fit the high temperatures specific heat for NdSbTe (Figure 36, black line). The fitting

parameter, the Sommerfeld coefficient

 Nd , is 115 mJ/mol K2 (Figure. 36,) which is much

greater than that of the known LnSbTe compounds such as LaSbTe (0.51 mJ/mol K2 (Figure 35
), GdSbTe (7.6 mJ/mol K2) [106], CeSbTe (10-40 mJ/mol K2) [78,105], implying greatly
enhanced electron correlation in this material. Even more, electron correlation has been recently
reported on HoSbTe [112]. The fitted renormalization factors of A = 1.06 and B = 0.98 for
phonon-specific heat are reasonably close to 1, given the structural similarity between NdSbTe
and reference compound LaSbTe. This leads to βNd = 0.44 mJ/mol K4 and a Debye temperature
of ΘD = (12π4NR/5β)1/3 = 236.6 K with atom number N = 3 and gas constant R = 8.31 J/mol K,
which is slightly lower than that of 244.3K for LaSbTe (βLa = 0.40 mJ/mol K4).
Magnetic specific heat due to Nd moment can be extracted by subtracting the fitted
paramagnetic background from the total measured data, as depicted in Figure 37. Above TN,

Figure 36: C/T vs T2 plot of low-temperature data. The solid line represents the linear fits to C/T
=  +T2 [73].
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along tail extending to ~20 K can be seen, which is attributed to the magnetic fluctuations. The
magnetic entropy Sm = 0T Cm (T ) dT saturates to 9.1 J/mol K at 20K, which is about 79% (2.4
T

J/mol K less) of the expected value of Rln(2S+1) with S = 3/2 for Nd3+. Deviation from the
expected Sm has also been found for GdSbTe [106] but not in CeSbTe [78,105]. Further studies,
including millikelvin-specific heat measurements and theoretical efforts, are needed to clarify
such large entropy reduction.

Figure 37: magnetic specific heat capacity divided by temperature Cm/T and the magnetic entropy
[73].
The coupling between magnetism and transport properties has been studied in this work.
As shown in Figure. 38, the overall temperature dependence of resistivity for NdSbTe displays
non-metallic behavior with increasing resistivity upon cooling. At low temperatures, a small
peak centered at ~3.2 K was observed, which can be suppressed by the magnetic field (Figure.
38, inset). Given the proximity of the peak temperature and the AFM ordering temperature (TN =
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2.7 K), as well as the similar field suppression of AFM order observed in magnetic susceptibility
and specific heat, the suppression of the peak is most likely due to the suppression of spin
scattering. It is also worth noting that NdSbTe appears to slowly degrade over time, and this lowtemperature peak disappears after a few weeks. At higher temperatures, resistivity displays a
logarithmic temperature dependence up to 50 K, as shown in Figure 38 (dashed lines). The
logarithmic temperature dependence has also been observed in CeSbTe despite a much narrower
temperature range (3 ~ 7 K), which has been ascribed to the Kondo effect [72,105].
Although the multiband nature has been discovered for the known LnSbTe
compounds [71,78], NdSbTe displays linear field dependence for Hall resistivity ρxy (H) in the
paramagnetic state with a negative slope (Figure 39, inset), indicating that the transport is
dominated by the electron band. Such single-band behavior has also been found in CeSbTe
despite its multiband nature [78], but very different from that of non-magnetic ZrSiS-type
compounds [52,65,106,114,115], in which the multiband nature is clearly manifested by non-

Figure 38: Temperature dependence resistivity of NdSbTe. The inset shows the suppression of
resistivity with field [73].
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linear ρxy (H) even at relatively high temperatures [26,34,45-47]. The Hall coefficient extracted
by RH = dρxy/d(μ0H) is depicted in Figure 39, which reaches minimal at 20 K. The corresponding
electron density is estimated to be in the order of 1×1021 cm-3 (Figure 39). Such carrier density is
much lower than conventional metals, but comparable with CeSbTe [105] and other nonmagnetic ZrSiS-type semimetals [65,115,116]. From the obtained Hall coefficient and the zerofield resistivity, mobility estimated from a single-band model μ = RH/ρ is found to be as low as 2
~ 3 cm2/Vs, in agreement with the non-metallic transport behavior.
In Figure 40 we show the magnetoresistance (MR) at different temperatures. Consistent
with the field suppression of the low-temperature resistivity peak mentioned above (Figure 38
inset), the field dependence of resistivity at T = 2 K exhibits a sharp drop and reaches a
minimum around μ0H = 1.1 T. Between 1.1 T and 3.7 T, the resistivity displays rather weak
field-dependence, which is followed by negative MR with further increasing the field. Here the

Figure 39: Temperature dependence of Hall coefficient RH and the corresponding carrier density
(1/eRH). The inset shows low temperature resistivity at 10 K and 200 K [73].
54

critical fields of 1.1 T and 3.7 T correspond well with the metamagnetic transition fields probed
in magnetization measurement (Hc1 = 1.4 T and Hc2 = 3.8 T, Figure.34), suggesting that the MR
behaviors at 2 K may be associated with the spin scatterings. Increasing the temperature above
TN, the MR peak at zero fields disappears (Figure 40), and MR exhibits a crossover from positive
to negative with increasing field. Above 20 K, MR is negative in the full field range up to 9 T. It
is worth noting that the Hall coefficient reaches minimal also at 20 K (Figure 39), and this is also
the temperature at which the magnetic fluctuations start to develop as mentioned above.

Figure 40: Field dependence of in-plane resistivity at different temperatures. Data for different
temperatures are shifted for clarity. Hc1 and Hc2 are critical fields determined from the
magnetization [73].
The negative MR is found to be weak (0.8% at 9 T and 2 K) and not sensitive to the
magnetic field orientation. As shown in Figure 41, with magnetic field rotates from the out-ofplane (θ = 0°, see inset of Figure 41 to the in-plane (θ = 90°) directions, the negative MR in the
high field region only becomes slightly larger, possibly due to the suppression of the weak
positive orbital MR component as H is rotated toward the current direction. The negative
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longitudinal MR when H||I (θ = 90°) is a signature for Weyl states as it is associated with the
chiral magnetic effect of Weyl fermions. However, the MR in NdSbTe is negative for arbitrary
field orientations without remarkable evolution with θ, which can be ascribed to the field
suppression of spin scattering. Therefore, the chiral anomaly-induced negative longitudinal MR,
if exist, is not apparent.
With the magnetic, calorimetric, and transport properties characterized above, we now
discuss the interplay between magnetism and electronic bands in NdSbTe. As a special group of
the ZrSiS-type topological material family, the magnetism from the rare earth in LnSbTe is
expected to couple with the electronic band topology and induce various topological electronic
states. This has been supported by ARPES observations and band structure calculations in
CeSbTe [78] and GdSbTe [71], but transport evidence for non-trivial topology, including the
chiral anomaly and quantum oscillations with non-trivial Berry phase, have yet to be discovered
due to the lack of magnetotransport study. In NdSbTe, the similarity in structure and magnetism
with CeSbTe and GdSbTe implies a similar interplay between magnetism and band topology.
Particularly, the FM polarization beyond 3.8 T and the sizable magnetic moment of NdSbTe
(Figure 35) suggest that the time-reversal breaking Weyl fermions may arise in a similar manner
as that predicted in CeSbTe [78]. As stated above, our magnetotransport measurements indeed
reveal the interplay between magnetism and electronic transport properties. Chiral anomalyinduced negative MR is not sufficiently conclusive as mentioned above. In addition, the
observation for quantum oscillation in NdSbTe is difficult in this compound due to its low
mobility. Given the trend of field-driven FM state in NdSbTe seen in magnetization
measurements, it would be helpful to push to a high field to seek for possible quantum oscillation
and signatures of topological fermions in this material. The full moment polarization at a high
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field would be favorable for a time-reversal symmetry-breaking Weyl state, which has been
demonstrated in Mn(Bi, Sb)2Te4 system [117–120].
So far, the reported magnetic LnSbTe compounds including CeSbTe and
GdSbTe [105,106] exhibit non-metallic transport, despite of their metal-like electronic band
structures [71,78]. This has been ascribed to a Kondo mechanism [76]or the additional
scattering by rare earth moments [76]. In NdSbTe, the logarithmic temperature dependence of
resistivity and weak angular dependence of MR are suggestive of a Kondo origin. Indeed, the
strong electronic correlations evidenced by the large Sommerfeld coefficient (115 mJ/mol K2,
largest among the known LnSbTe compounds) may be ascribed to the mass enhancement due to
Kondo hybridization of the f-electrons and conduction electrons. Nevertheless, the band structure
calculations for CeSbTe indicate that the 4f-band is far away from the Fermi level [36], so the
scenario of hybridization in NdSbTe needs further theoretical investigations. In addition, ZrSiStype compounds are known as topological nodal-line semimetals. The nodal-line structure can

Figure 41: Field dependence of resistivity at 2 K with different magnetic field orientations. High
field data (above 2.5 T) is shown for clarity [73].
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give rise to reduced kinetic energy along the line so that enhanced correlation is expected.
Indeed, enhanced correlations have been probed in a few non-magnetic ZrSiS-type materials,
including ZrSiS [121] and ZrSiSe [122], despite the small Sommerfeld coefficients [123].
Being a special group of ZrSiS-family, LnSbTe compounds also support Dirac nodal-line
crossings as has been discovered in GdSbTe [71]. Therefore, the coupling between nodal-line
fermions, Kondo hybridization, and magnetism could generate novel correlated phenomena in
NdSbTe.

3.4 Conclusion

In summary, we have successfully synthesized single crystals of NdSbTe, a new
magnetic ZrSiS-type compound, and characterized the magnetic, electronic transport, and
calorimetric properties. This material exhibits the interesting coexistence of AFM order with
metamagnetic transitions and possible Kondo localization. Although the topological bands in
NdSbTe remain elusive, this material provides an ideal platform for investigating rich physical
phenomena, including the interplay between magnetism and topological fermions, the
nonsymmorphic Kondo-Weyl state [124], and topological physics in correlated systems.
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Chapter 4: Magnetic topological semimetal phase with electronic correlation enhancements in
SmSbTe

The magnetic form of ZrSiS- type materials are getting intensive attention because of the
inherent magnetism induced by rare-earth elements. In these compounds, rare earth elements and
Sb as a square net activate the spin degree of freedom. These magnetic compounds host inherent
magnetism in addition to the two types of Dirac states protected by the symmetries. In addition,
LnSbTe compounds exhibit various exotic properties such as Kondo effects, charge density
waves (CDW), and correlation enhancement.
Chapter 2 on the growth of NdSbTe single crystals and their structural, electronic, and
magnetic properties further motivates us to extend this project to other materials from this
family. In the subsequent materials, we replace Nd with Sm to get SmSbTe. The primary motive
of this project would be to grow the single crystals of the SmSbTe and investigate its structural,
electronic transport, magnetization, and topological properties. Such an extension of the
materials family can introduce a new quantum mechanical phenomenon within a family as well
as could be another platform to the interplay between various physical, magnetic, and optical
properties within material. Here, I discussed our work on the discovery of a new compound
SmSbTe which possesses various functional properties such as antiferromagnetic ground states,
enhanced electronic correlations, possible kondo effect, and magnetic frustration. These
properties provide an ideal platform to explore exotic states due to the interplay between
magnetism and the topological phase. This chapter is based on our published work in Adv.
Quantum Technol. (2021) (https://doi.org/10.1002/qute.202100063) [109].
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4.1 Introduction:

Topological semimetals are a promising platform for next-generation device applications.
These materials host various exceptional electronic properties such as extra high mobility [29],
large magnetoresistance, and the quantum phenomena like chiral anomaly [28,30,31,91], Fermi
arcs [32–34,93], etc. Among these, the ZrSiS family, a large family of topological materials
getting intensive attention due to the presence of two types of Dirac states. These states include a
gapless Dirac state protected by non-symmorphic symmetry and a Dirac nodal line generated by
a glide and a mirror symmetry [63–67,69,99,100]. The exotic properties, such as electronic
correlation enhancement [121] owning to the nodal-line structure [122], and a new surface state
due to broken symmetry at the surfaces [125], are robust against surface oxidation [70]. In
addition to the non-magnetic materials, the magnetic version of WHM can be obtained by
making W as a lanthanide element (Ln), H= Sb, and M =Te, where the Sb square net is
sandwiched between the Ln-Te bilayers. These materials crystallize on a PbFCl type crystal
structure with space group P4/nmm. The intrinsic magnetism due to Ln elements provides a
platform to interplay between magnetization and topological states [76,105,106,109,112,126].
So far, various quantum phenomena such as the Kondo effects, charge density waves (CDW),
and enhanced electronic correlation have been discovered in different LnSbTe
compounds [71,76,78,112]. Such a functionality may provide are ideal platform to explore
fundamental physics and next generation device applications.
With this motivation, in this chapter, I will talk about the novel magnetic topological
semimetals -SmSbTe. The crystal growth, electronic transport, magnetization, heat capacity, and
observation of electronic band structure was carried out to explore physical and electronic
properties. We have successfully obtained single crystals of SmSbTe, from which we probed the
60

antiferromagnetic ground states, enhanced electronic correlation, and possible magnetic
frustration. This finding along with the non-trivial band topology revealed by Angle resolve
photoemissions spectroscopy (ARPES), suggest that SmSbTe could be an ideal platform to
discover new exotic quantum phenomena due to interplay between the magnetism, topology, and
electronic correlations.

4.2 Experiment:

The SmSbTe single crystals were grown by the two-step chemical vapor transport (CVT)
method as described in chapter 2. The structural and phase determination, electronic transport,
magnetization, heat capacity, and observation of electronic band structure were carried out as
mentioned in the experimental section in chapter 2. The single-crystal X-ray diffraction along
with crystal structural refinement was performed with the help of Prof. Jian Wang from Wichita
State University. The band structure calculation of SmSbTe was performed by Prof. Salvador
Barraza-Lopez and his research group at the University of Arkansas. The DFT calculation was
performed using VASP with projector-augmented wave pseudopotentials and the Perdew-BurkeErnzerhof generalized gradient approximation for the exchange-correlation functional.
Calculations were performed with and without SOC for both bulk and slab geometries. For the
PM case, the Sm pseudopotential was 4f- in the core, while for the AFM case, it was 4f-in valence, and the Hubbard-correction in Dudarev’s approximation for the f-electrons was
implemented. A k-mesh sampling of 12×12×6 was used for the self-consistent calculations in the
bulk, along with a cutoff energy of 200 eV. The slab geometry consisted of the five-unit cells in
the c direction with a vacuum spacing greater than 20Å to prevent interaction between periodic
copies. The electronic band structure was measured by ARPES at APE-LE beam at the Elettra
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Synchrotron. The excitation energy of 26 to 86 eV was used to probe electronic structure with
the help of Prof. Antonio Politano from University of L’Aquila and Dr. Ivana Vobornik from
Institute of materials (IOM)-CNR, Italy.

4.3 Result and discussion

As shown in Figure 42 and similar to ZrSiS, SmSbTe crystallizes in a tetragonal lattice
belonging to the nonsymmorphic space group P4/nmm. Being more explicit, the structure is
formed by the stacking of a Te-Sm-Sb-Sm-Te slab in which the Sb square nets are sandwiched
by Sm-Te layers. The X-ray diffraction patterns for SmSbTe single crystals with sharp (00L)
reflections obtained from single crystals, the powdered sample obtained from the grounding
single crystals, and simulations are shown in Figure 43. The crystal structure is further
determined by single-crystal x-ray diffraction at 298±2 K. The lattice parameters a = b = 4.2994
Å and c=9.2521 Å were obtained, which is consistent with the other compounds within this
family [74,78,104,106]. The crystallographic and structure refinement parameters are shown in
Table 1. In addition, the atomic coordinates and equivalent isotropic isothermal parameters are
depicted in Table 2. Earlier studies on other LnSbTe compounds [75,76,126] revealed possible
(b)

(a)

Figure 42: (a) ZrSiS- type crystal structure of SmSbTe (b) Optical images of SmSbTe single
crystals. The small square mesh measures 1mm2.
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Te substitution and vacancies in the Sb layer, which reportedly cause charge-density waves.
Such possible non-stoichiometric composition, however, is difficult to be resolved by our singlecrystal x-ray diffraction measurements due to similar electronic configurations of Sb and Te.
Nevertheless, the composition analysis using energy dispersive x-ray spectroscopy implies a
stoichiometric composition, which is further confirmed by the lack of a charge-density-wave
(CDW) order, as will be shown later on.

Figure 43: X-ray diffraction patterns for a SmSbTe single crystal, showing the (00L) reflections),
powdered sample obtained from grounding the single crystals, and simulation. All observed xray peaks can be indexed by the simulated spectrum using the SmSbTe structure.
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Table 1: Crystallographic and Structure refinement data for SmSbTe.
Empirical formula

SmSbTe

Formula weight (g mol-1)

399.70

Temperature

298(2) K

Wavelength

Mo K (0.71073)

Crystal system

tetragonal

Space group

P4/nmm

Unit Cell dimensions

a=b= 4.2994(2), c=9.2521(4) Å

Cell volume

171.024(18) Å3

Z

2

Density (g cm-3)

7.762

F(000)

330

hkl range

-6 ≤ h ≤ 6, -6 ≤ k ≤ 6, -13 ≤ l ≤ 13

min (),max (0)

2.201, 30.606

Linear absorption Coeff. (mm-1)

32.955

No. of reflection

1714

No. of independent reflections

272
w=1/[2(F02) + (0.1105P)2+3.3575P]

Weighting Scheme

where P=(Fo2+2F2)/3

Refinement software

SHELXL-2014/7

Table 2: Atomic coordinates and equivalent isotropic thermal parameter of SmSbTe.
Site

Wyckoff

x

y

z

Occupation

Ueff (Å)

Sm

2c

0.2500

0.2500

0.77593

1.0

0.004

Sb

2b

0.7500

0.2500

0.50000

1.0

0.006

Te

2c

0.2500

0.2500

0.12635

1.0

0.004
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The magnetic order induced by rare earth elements in LnSbTe provides an opportunity to
study the coupling between magnetism and topological quantum states [78,121]. Similar to other
LnSbTe compounds (Ln = Ce, Nd, Gd, and Ho) [74,76,78,106,112], SmSbTe displays an
antiferromagnetic (AFM) order. For the 7 pieces of single crystals we have tested, a small
variation of the Néel temperature TN in between 3.7 – 4.1 K has been observed, possibly due to
tiny variations in composition. The probed TN is independent of magnetic field strength as shown
in the inset of Figure 44, a situation in stark contrast with CeSbTe and NdSbTe, whereby TN is
suppressed upon increasing the magnetic field [74,78,105]. The AFM nature of the magnetic
transition can be determined by the absence of irreversibility between zero-field-cooling (ZFC)
and field-cooling (FC) measurements in the temperature dependence of the susceptibility

 () as shown in Figure 44, and by the linear field dependence at low fields and below TN in
isothermal magnetization M(H) in Figure 45. In addition,  (T) is found to follow a modified

Figure 44: Temperature dependence of molar susceptibility c and inverse of susceptibility 1/c of
SmSbTe under in-plane (H//ab) magnetic fields. The red line represents the modified CurieWeiss (CW) fits for 1/c. The inset shows the magnetic susceptibility under iin-plane (H//ab)
magnetic fields. The red line represents the modified Curie-Weiss (CW) fits for 1/c. The inset
shows the magnetic susceptibility under different field strengths from 0.1 T at the top to 9 T at
the bottom respectively
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Curie-Weiss law mol =  +C/(T - ) above 20 K where  is the temperature-independent part
of the susceptibility, C is the Curie temperature, and  is the Weiss temperature. The negative 
~ -31.7 K extracted from the fit (Figure 44) implies a strong AFM exchange interaction among
Sm moments, a behavior analogous to that observed in CeSbTe (-10 K to -30 K) [78,105] and
GdSbTe (-19 K to -24K) [71,76,106]. From the obtained , the frustration parameter, defined as
f =||/TN, is ~8, suggesting possible magnetic frustrations [127,128], which is in line with our
specific heat measurement to be discussed later. The fitted Curie constant C yields an effective
moment 𝜇eff = √3𝑘𝐵 𝐶/𝑁𝐴 = 1.05 B, which is slightly larger than the theoretically expected
value of 𝜇eff = 0.857 B for a Sm+3 ion with 4f 5 configuration. The slightly larger 𝜇𝑒𝑓𝑓 may
originate from the polarization of conduction electrons, or it may also be due to the reduction of
moment density generally seen in frustrated magnetic systems [127].

Figure 45: Field dependence of magnetization at different temperatures, taken under H//ab. The
inset shows the magnetization for H//c and H//ab at T =2 K.
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As mentioned above, the isothermal magnetization M of SmSbTe is linear in H at a low
field. With increasing magnetic field, a small deviation from linearity can be seen with out-ofplane field (H//c), as shown in the inset of Figure 45. This implies a possible metamagnetic
transition widely seen in other magnetic LnSbTe materials such as CeSbTe, NdSbTe, HoSbTe,
and GdSbTe [71,73,74,78,105,106,129]. On the other hand, under an in-plane magnetic field
(H//ab) configuration, the linear M(H) is observed for up to 9 T (the highest field of our
instrument).
Despite the unambiguous signature of magnetic order in magnetization measurements,
the temperature dependence of the resistivity, shown in Figure 46, does not display a clear
feature at TN (black arrow in Figure 46). SmSbTe exhibits non-metallic transport from 2 to 300
K, with a logarithmic temperature dependence between 10 – 35 K. Such behavior has also been
observed in CeSbTe [105], NdSbTe [74] and has been associated with Kondo physics. As
shown in Figure 47, our Hall effect study further reveals electron-type conduction with a carrier

Figure 46: Temperature dependence of in-plane resistivity of SmSbTe. Logarithmic temperature
dependence can be observed 10-30 K. The dashed lines are guides for eyes.
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density in the order of 1021 cm-3 for SmSbTe, which is comparable to reported values for
CeSbTe [105] and NdSbTe [74].

Figure 47: Temperature dependence of Hall coefficient RH and corresponding carrier density
(1/eRH). The inset shows the field dependence of Hall resistivity at 2K and 300K.
Specific heat measurements provide further insight into the magnetic properties of
SmSbTe. As shown in Figure 48 and Figure 49 (in a large temperature range), the specific heat
divided by temperature C(T)/T data displays a broad peak around 3.2 K, lower than the magnetic
transition temperature probed by magnetic susceptibility (~4.1 K). This is in sharp contrast with
the well-defined specific heat peak at the magnetic phase transition temperature observed in
other LnSbTe materials such as NdSbTe [74,129], CeSbTe [78,105], and HoSbTe [112]. Such
broad specific heat peak is reproducible in multiple SmSbTe crystals from the same or different
growth batches with well-characterized compositions and does not change after thermal
annealing, making it unlikely to originate from sample quality issues such as inhomogeneity or
defects. The profile and position of the broad specific heat peak are essentially field-independent,
as shown in Figure 50. Such field insensitivity was also observed in the magnetization
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measurements shown in Figure 44. The absence of a clear ordering feature in specific heat
measurements is a common feature of frustrated magnetic materials, where the moments cannot
order onto a unique, lowest energy state [130–132]. Such a scenario of magnetic frustration
agrees with the sizable frustration parameter derived from magnetization measurements
mentioned above. Geometric frustration is well-known in trigonal or hexagonal lattices, while
the tetragonal structure of SmSbTe and the lack of strong field dependence in heat capacity
measurements (inset of Figure 50) appear inconsistent with known geometrically frustrated
systems [133]. On the other hand, the frustrated magnetism, if it occurs in tetragonal SmSbTe, is
more likely caused by the competition between the nearest-neighbor and next-nearest-neighbor
magnetic exchange couplings, which has been proposed [134] and observed in tetragonal FeSe
and CoSe [128,133]. To clarify the origin of the broad specific heat peak in SmSbTe, which is a

Figure 48: Temperature dependence of specific heat capacity. The black line represents the fit
according to the corresponding state principle using the LaSbTe (blue line) as a reference
sample. The inset is the low-temperature C/T vs T2 plot, in which the solid line represents the
linear fit to C/T =  + T2.
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distinct feature among all known LnSbTe materials, more experimental and theoretical efforts
are needed.

Figure 49 : Zero field specific heat of SmSbTe from 2 to 250K
The most intriguing feature in our specific heat measurements is the significantly
enhanced Sommerfeld coefficient, which can be obtained by separating the electronic specific
heat from the total measured value. The total specific heat Ctot can be expressed by Ctot = Cm +
Cele + Cph, where Cele = T is the electronic specific heat and  is the Sommerfeld coefficient, Cm
and Cph are the magnetic and phonon contributions to the specific heat, respectively. Generally,
its phonon contribution can be expressed by Cph = T3 at the low-temperature limit where T <<
Debye temperature ΘD, and thus may be separated by a linear extrapolation of C/T vs T2 or by a
polynomial fitting. However, these approaches are not efficient in SmSbTe, due to a pronounced
specific heat upturn at around 10 K in C/T (Figure 48). Therefore, to obtain the precise electronic
specific heat, we used the isomorphous non-magnetic LaSbTe as a reference sample and
followed the principle of corresponding states to evaluate the phonon contribution Cph, which has
been demonstrated to be efficient in our previous specific heat studies on NdSbTe [74] and
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Fe(Te, Se) [135]. As shown in the inset of Figure 48, our analysis yields a Sommerfeld
coefficient  of 160 mJ/mol, as well as a phonon coefficient of  = 0.43 mJ/mol K4 which
corresponds to a Debye temperature ΘD of 232.14 K. With the obtained electronic specific heat
Cele = T and phonon specific heat Cph, the magnetic specific heat Cm of SmSbTe can be
𝑇 𝐶m (𝑇)

extracted, from which the magnetic entropy Sm=∫0

𝑇

d𝑇 is also obtained, as shown in Figure

51. With increasing temperature, the entropy quickly rises and saturates to 4.33J/mol K.
Assuming a J = 5/2 doublet for Sm3+ in the crystal field of SmSbTe, such entropy is 76% of the
expected value of Rln2, which implies a possible residual magnetic entropy that also seen in
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Figure 50: Field-dependent heat capacity of SmSbTe at 0 T at the top and 9 T at the bottom. The
inset shows the zoom in view of field dependent heat capacity at low temperature.
The Sommerfeld coefficient γ in LnSbTe is strongly dependent on the choice of the Ln
element. γ is as small as 0.50 mJ/mol K2 in non-magnetic LaSbTe [74], and enhances to 7.6
mJ/mol K2 in GdSbTe [106], and to 10−40 mJ/mol K2 in CeSbTe [78,105]. In addition to the
SmSbTe studied in this work,  above 100 mJ/mol K2 has been observed in NdSbTe (115 mJ/mol
K2) [74] and HoSbTe (382.2 mJ/mol K2) [112]. The drastic γ enhancement in SmSbTe implies an
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effective mass enhancement which, as will be shown later, might be associated with the presence
of flat Sm 4f bands around the Fermi level.

Figure 51: Magnetic specific heat capacity divided by temperature Cm/T, and the corresponding
magnetic entropy Sm.
SmSbTe belongs to the ZrSiS-type topological material family [138]. Accordingly, the
existence of linearly dispersing Dirac bands in SmSbTe has been revealed by our ARPES
experiments. Figure 52 (a) shows the Fermi surface and constant energy contour plots are in the
paramagnetic (PM) state (T = 78 K) and with a photon energy of 30 eV on the (001) plane of the
crystal (see Experimental Section for details). A diamond-shaped Fermi surface centered at Γ is
observed, reminiscent of that seen in ZrSiS [64,67,139]. As shown in Figure 52(a), the constant
energy contour plots reveal that no other electronic bands approach the EF down to 250 meV
binding energy, where an extra four-leaf clover-shaped pattern appears around Γ. These constant
energy contours are well reproduced by our density functional theory (DFT) calculations (Figure
52(b)), in which EF is shifted up by 0.275 eV as will be discussed below.
̅ − Γ̅ − M
̅ and X
̅−
In Figure 53 (a) we show the band structure measured along with M
Γ̅ − ̅
X high symmetry directions (the bulk Brillouin zone is shown in Figure 53(d)) which
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confirm that the diamond-shaped Fermi surface originates from the linearly dispersed Dirac-like
bands. The linearly dispersing bands crossing EF are clearly observed along with both directions.
In particular, Dirac points at 0.275 eV binding energy are clearly observed along Γ – M, as
indicated by the black arrows. The observed electronic band structure agrees well with DFT
calculations on a slab geometry as shown in Figure 53(c). The calculation for the bulk bands
(Figure 54(a)) further revealed that these observed Dirac bands belong to the Dirac nodal-line
generated by the C2v symmetry of SmSbTe, which are formed mainly by the Sb p-electrons as
shown in Figure 56. A comparison between the ARPES results and the calculated bands
indicates that EF of SmSbTe lies 0.275 eV above the Dirac crossings at the Γ – M cut. Like in
other compounds in the ZrSiS-family, the nodal-line crossings in SmSbTe are expected to be
slightly (~55 meV) gapped by SOC, as revealed by our bulk band calculations shown in Figure
55(a). Nevertheless, gap opening at the crossing points is not observed in our ARPES
experiments. Undetectable SOC gap is also reported in a recent ARPES study on LaSbTe,

Figure 52: Electronic band structure of SmSbTe in the high temperature PM phase. a) The Fermi
surface and constant energy contours of SmSbTe measured with photon energy of 30 eV at T
=78 K, under horizontal (HP,top) and vertical (VP, bottom) polarizations. b) Calcu Calculated
Fermi surface and constant energy contours of SmSbTe with k =0 corresponding to the measured
spectra in (a). The color scales indicate the surface character with 0 referring to bulk state and 1
referring to surface state.
73

possibly due to the limitation of the instrument resolution [139]. On the other hand, gapped Dirac
crossings have been probed in other LnSbTe compounds [72,73,126]. The sizable band gap has
been proposed to originate from the formation of a CDW order in non-stoichiometric
compounds, which enlarges the gap at the Dirac crossings [72,126]. Given that the CDW order
occurs in the presence of Te substitution and vacancies in the Sb layer in LnSbTe
compounds [72,75,76,126], the undetectable gap in our ARPES study further confirms the nearly
stoichiometric composition and absence of structural distortions in our SmSbTe crystals.
Our ARPES observations and DFT calculations (with shifted EF) indicate that SmSbTe is
very similar to ZrSiS, with the Fermi surface of the bulk electronic states formed by the Dirac
nodal-line bands only [64,67,138,139]. However, the energy dispersion of the nodal-line states in
SmSbTe does not display photon energy-dependence, as shown in Figure 53(a) and 53(b) which
present the band dispersion measured with photon energies of 30 eV (i.e., kz = 0) and 73 eV
(corresponding to 17% of the sixth Brillouin zone), respectively. More band structures measured
with various photon energies are shown in Figure 54. Our observation implies that the Fermi
surface of SmSbTe consists of a 2D sheet extending along kz, which is distinct from that of
ZrSiS. A similar 2D-like Fermi surface sheet for bulk electronic states has also been observed in
CeSbTe [72]. Another major difference between SmSbTe and ZrSiS is the location of EF, which
lies almost at the Dirac crossing in ZrSiS but 0.275 eV above the nodal-line Dirac crossings in
SmSbTe, as discussed above. Such a shift of EF leads to a clean Fermi surface of relativistic
fermions without interference from conventional, bulk electronic bands in SmSbTe. The EF shift
has been observed in GdSbTe with a non-stoichiometric composition [126]. In our SmSbTe, the
composition non-stoichiometry should be minimized as demonstrated by composition analysis
and the absence of the CDW order as discussed earlier. The mechanism of such EF shift is
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unknown, which is possibly attributed to very slight non-stoichiometry composition or related to
the contribution of Sm 4f bands which has not been fully captured in our DFT calculation of the
energy band in the high-temperature PM state.
In SmSbTe, the 4f electrons of Sm not only generate magnetism but also may play an
important role in mediating electronic correlations. As stated above, we have probed significant
Sommerfeld coefficient enhancement in specific heat measurements, implying substantial mass
enhancement as compared with non-magnetic LaSbTe and some other LnSbTe compounds. Such

Figure 53: Electronic Band structure of SmSbTe. (a) electronic band structure of SmSbTe
̅ − 𝚪̅ − 𝐌
̅ and 𝐗
̅ − 𝚪̅ − 𝐗
̅ directions. The
measured with a 30-eV photon energy along along 𝐌
̅ − 𝚪̅ − 𝐌
̅ direction. (b) Band
black arrows indicate the linear band crossing points along 𝐌
structure of SmSbTe measured with 73 eV photon energy. (c) Slab calculations of band structure of
̅ − 𝚪̅ − 𝐌
̅ and 𝐗
̅ − 𝚪̅ − 𝐗
̅ directions with SOC in the PM state. The dashed
SmSbTe along 𝐌
horizontal line is the EF experimentally determined by ARPES, which is shifted by 0.275 eV as
compared with the calculated EF. (d) Bulk and surface Brillouin zone for SmSbTe.
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mass enhancement may be associated with the 4f electrons in the magnetically ordered state. We
have performed DFT calculations in the antiferromagnetic (AFM) ground state. The total energy
calculations reveal an AFM ground state that is consistent with our magnetic property
characterizations described above. Figure 55 (b) shows the calculated band structure for the
AFM bulk SmSbTe with SOC. In our calculations, we assume an A-type AFM order with the Sm
moments directed out-of-plane, aligned parallel within each plane while antiparallel between
adjacent planes, which has been adopted in other LnSbTe materials [73] and experimentally
confirmed in CeSbTe [78]. Distinct from the PM state in which the Sm 4f bands are far below the
energy range shown in Figure 55 (a), we have observed the formation of 4f flat bands near the EF
in the AFM state. As compared with the non-SOC bands (Figure 56(b)), the strong SOC of f
electrons drastically splits the f-band, leading to the presence of the 4f flat bands at the calculated
EF (Figure 55 (b)). As stated above, ARPES observations indicate a shift of EF in the PM state.
Although further ARPES study is needed to determine the exact location of EF in the AFM state,
one can find the flat band extends to Dirac nodal-line bands, which opens a possibility of
hybridization between the f-orbitals and the conduction nodal-line fermions. Such possible
hybridization is reminiscent of a mass renormalization via a Kondo mechanism in heavy
fermions, which agrees with the mass enhancement probed in specific heat measurements. As
mentioned above, our transport measurements on SmSbTe probed signatures of Kondo
localization, though the carrier density of ~1021 cm-3 extracted from Hall effect might be
insufficient to fully screen the localized moments in LnSbTe materials [72]. Because carrier
density is a known parameter to tune the competition between Ruderman-Kittel-Kasuya-Yosida
(RKKY) and Kondo effects and further lead to various quantum states in heavy fermion
materials. How such tuning plays a role in SmSbTe will be the subject of future investigations.
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Figure 55 (a) Measured Fermi surface of SmSbTe (b) Band structures measured using different
photon energies.

Figure 54: Electronic Band structure of SmSbTe using the first Principal method. (a) PM state
electronic band structure of SmSbTe with SOC. The dashed lines indicate the shift of the Fermi
energy of 0.275 eV from the comparison between the ARPES spectrum (Figure 52) and calculate
band structure in the PM state. (b) AFM state electronic band structure of SmSbTe with SOC.
Note that the upper split is beyond the energy range shown in the plot.
SmSbTe exhibits a combination of a few exotic properties including 4f magnetism with
possible magnetic frustration and Kondo effects, electronic correlation enhancement, and Fermi
surface only formed by Dirac bands. This offers unique opportunities to study novel topological
physics in SmSbTe arising from the interplay between several degrees of freedom. In principle,
SmSbTe in the high-temperature PM state is a topological semimetal with a SOC-gapped nodalline state similar to that reported on ZrSiS. Further, by opening a band gap at the nodal-line (by a
CDW, for example [72,126], and tunning EF into the band gap, SmSbTe could become a weak
topological insulator consisting of stacked 2D topological insulators [73,138]. With the
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establishment of the long-range AFM order at low temperatures, SmSbTe may realize a “2Dstacked 2D Chern insulator” for each spin channel, as proposed in magnetic HoSbTe [73]. In
correlated systems, carrier doping, pressure/strain, and other extreme conditions such as high
magnetic field and low temperature provide further practical approaches to tune electronic states.
With the experimental demonstration of this material provided in this work, tuning of magnetism,
correlations, and topological bands in SmSbTe in order to generate additional novel states and
physical phenomena is worth future investigations.

Figure 56 (a) PM state electronic band structure of SmSbTe without SOC (b) AFM state
electronic band structure of SmSbTe without SOC

4.4 Conclusion

In summary, we have grown single crystals of SmSbTe and characterized its electronic,
magnetic, and thermodynamic properties using a combination of experimental and theoretical
methods. SmSbTe is a member of the LnSbTe compounds family, exhibiting an AFM ground
state with unusual mass enhancement. SmSbTe has the potential to become a model system for
novel fundamental quantum phenomena which might lead to disruptive technological
applications.
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Chapter 5: Evolution of electronic and magnetic properties of Topological semimetal candidate
SmSbxTe2-x

Magnetic topological semimetals of ZrSiS-family type getting intensive attention due to
inherent magnetism together with the exotic electronic states. The square net planes play an
essential role in generating such a trivial band in this family of materials. The Sb-square nets in
magnetic topological semimetals LnSbTe can be modified by tunning Sb and Te composition
which leads to several magnetic phases and topological states. Here in this dissertation, I will
present a study on the evolution of electronic and magnetic properties of SmSbxTe2-x compounds
by tuning the Sb composition. This study revealed an evolution of these properties with tuning
the composition and would provide useful insights for the fundamental topological physics and
corresponding technological device development. This chapter is based on the manuscript under
review.

5.1. Introduction

The discoveries of topological semimetals have created a promising platform to study
fundamental physics and develop a wide range of next-generation device applications [25–
27,36]. These materials possess relativistic fermions with low energy excitations which is
analogous to the Dirac and Weyl fermions in high energy physics and are protected by
symmetries. These, materials exhibit various exotic properties such as large magnetoresistance,
high mobility [29], and possess quantum phenomena like chiral anomaly [28,30,91,92], unusual
fermi arc [32,33,93] etc. Unlike other TSMs, the nodal line TSMs exhibit Dirac-like band
crossing along a line in Fermi level (EF) [24]. Belonging to NLSMs, the ZrSiS-family
compounds show rich phenomena due to the presence of two types of Dirac states -the gapless
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Dirac point state protected by non-symmorphic symmetry, and the slightly gapped Dirac nodalline state generated by glide-mirror symmetry [64–67,99,100,138]. Such a large material family
can be represented by a chemical formula WHM (W= Zr/Hf, H= Si/Ge/Sn/Sb, M = S/Se/Te),
which crystallizes in a PbFCl-type crystal structure with space group
P4/nmm [66,68,69,102,115,138,140,141]. The various combinations of W, H, and M provides
greater tunability in spin-orbit coupling and structural dimensionality and lead to various
electronic state [138]. Exotic properties, such as the unusual surface floating state [70,125],
electronic correlation enhancement [121,122], and pressure-induced topological phase
transitions [52,142] have been discovered.
In addition to non-magnetic WHM compounds, the magnetic version LnSbTe (Ln =
lanthanides) exhibits long-range magnetic order brought in by magnetic
Ln [73,74,76,78,105,106,112,126], and thus provides a platform to study the interplay between
magnetism and topological states [78]. In addition to magnetism, rich quantum phenomena such
as the Kondo effect, charge density waves (CDWs), and correlation enhancement have been
reported in various LnSbTe (Ln= Ce, Nd, Sm, Gd) compounds [74,76,105,109,111,126]. The
interplay of crystal symmetry, magnetism, band topology, and electron correlation is expected to
drive into various topological states [23,30,33–35]. Further, crystal structure, magnetic phases,
and electronic states are found to be tunable with the composition stoichiometry in LnSb2-xTex
[23,26,34].
With this motivation, here we present a comprehensive study of the evolution of
structural, electronic, and magnetic properties with varying compositions in SmSbxTe2-x (0 < x ≤
1). The stoichiometric or nearly stoichiometric SmSbTe has been recently identified to be a
magnetic topological semimetal [108,109] exhibiting a combination of a few interesting
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properties such as Dirac nodal-line fermions, enhanced electronic correlations, antiferromagnetic
ground states with possible magnetic frustration, and Kondo effects [109]. In this work, by
varying the composition stoichiometry we revealed the tetragonal to orthorhombic structural
phase transition and the evolution of electronic and magnetic properties in SmSbxTe2-x. With
such tunable properties, SmSbxTe2-x provides a good platform to study and design various
quantum states.

5.2 Experimental section
The single crystals of SmSbxTe2-x (0 < x ≤ 1) were synthesized by a two-step chemical
vapor transport as mentioned in the previous chapter. To obtain crystals with different Sb content
x, the ratio of Sb and Te in source materials was varied. Millimeter-size single crystals with
metallic luster can be obtained using this method, as shown in the inset of Figure 57. The
compositions of each SmSbxTe2-x single crystal sample used in this work were carefully
examined by energy-dispersive x-ray spectroscopy (EDS) scans on multiple spots. The crystal
structures were determined by single-crystal x-ray diffraction (XRD). We used the EDS
composition for structure refinement because XRD cannot precisely distinguish Sb and Te due to
their similar electronic configurations. The magnetic, thermal, and electronic properties of
SmSbxTe2-x were measured by using a physical properties measurement system (PPMS).

5.3 Results and Discussions

The composition analysis using EDS indicates that the Sb/Te ratios of the obtained
crystals are usually less than that in source materials, which has also been widely observed in
this family of materials [75,77]. The excellent crystallinity of our single crystals is demonstrated
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by the sharp (00l) x-ray diffraction peaks, as shown in Figure 57. The systematic high-angle shift
of these (00l) peaks upon decreasing Sb content indicate an elongated c-axis. The complete
structural information of SmSbxTe2-x was further determined by structural refinement using
single-crystal XRD, as shown in Table 3. Our structural analysis reveals a structural transition
with varying Sb content x. As shown in Figure 58, upon increasing the Sb content near x ~ 0.8,
SmSbxTe2-x experienced an orthorhombic (green color, space group Pmmm) to tetragonal (yellow
color, space group P4/nmm) transition, which is accompanied by an elongation of c-axis and
shrinkage of ab-plane. Similar structure phase transition has also been reported in other
LnSbxTe2-x (Ln= La, Ce, Gd) compounds [75,106,111].

Figure 57: X-ray diffraction patterns for SmSbxTe2-x single crystals showing the (00L)
reflections. The inset shows the optical microscopy image of the single crystals having various
Sb content. The square mesh measures 1mm2.
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We depict the crystal structures for a tetragonal phase in Figure 59 and illustrate their
differences with the orthorhombic phases in Figure 60. As shown in Figure 59, the crystal
structure of characterized by a layered structure, with each layer consisting of a Sb plane
sandwiched by SmTe bilayers. The orthorhombic distortion in Sb-less (x < 0.8) samples is
manifested by the distorted Sb layer. As shown in Figure 60, the tetragonal sample
(SmSb0.93Te1.07) features a 2D Sb square-net with identical Sb-Sb bonding length and 90°
bonding angles. For the orthorhombically distorted lattice, though the Sb-Sb bonding length
remains the same within each sample, the bonding angles deviate from the 90°. With reducing Sb
content, such deviation in bonding angles becomes stronger, which is in line with the greater
discrepancy between lattice parameters a and b (Figure 58). Furthermore, the Sb atoms are not
located in the same 2D plane since the same-side interior angles are not supplementary. This can
also be seen from the atomic positions summarized in Table 3. In addition to the orthorhombic
distortion induced by reducing Sb content, previous studies have also revealed the existence of
vacancies in the Sb layer, which is reported to cause atomic orders and charge density waves

Figure 58: Evolution of lattice parameters with varying Sb content. The green and yellow regions
represent orthorhombic and tetragonal lattice symmetries respectively.
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(CDWs) [72,76,77]. Similar Sb vacancies have also been found in our materials by SCXRD
refinement in which the occupancy of the Sb layer was released and refined. The refinement also
reveals suppression of the number of vacancies with increasing the Sb content. For example, the
occupancy of the partially substituted Sb layer is found to be 93(±1) % for the Sb-less
SmSb0.11Te1.85 sample, while 99(±1)% for the Sb-rich SmSb0.93Te1.07 sample. Such trend is also
consistent with our composition analysis by EDS and has been reported in the related compound
GdSbTe [76]. Though our SCXRD refinement indeed reveals the existence of vacancies, it
should be noted that the solid clarification of vacancies in SmSbxTe2-x samples is difficult due to
the instrument limitation of our x-ray diffractometer.
The evolution of magnetism with Sb content was studied using magnetization and heat
capacity measurements. Some LnSbTe compounds (Ln = Ce, Gd, Ho) and their offstoichiometric forms LnSbxTe2-x have been found to show antiferromagnetic ground state with
metamagnetic transitions [71,72,74,76,78,105,111,112]. In SmSbxTe2-x, the temperaturedependent magnetic susceptibility (T) measured under both in-plane (H//ab) and out-of-plane
(H//c) magnetic field orientations shows peaks at low temperatures (Figure 61). The absence of

Figure 59: Crystal structures for tetragonal (x>0.8) SmSbTe
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irreversibility (data not shown) between zero-field cooling (ZFC) and field cooling (FC)
indicates an AFM nature of magnetic order, which is further supported by the negative CurieWeiss temperature as will be shown below. Our previous study has revealed a Néel temperature
TN ≈ 3.7 K for tetragonal, stoichiometric SmSbTe, which does not change with the applied
magnetic field [78].Similar field-independent TN has also been observed in both orthorhombic
(Figure 62(a)) and tetragonal (Figure 62(b)) off-stoichiometric compounds, which is distinct
from many other LnSbTe compounds such as CeSbTe [78,105,111], NdSbTe [74,129],
GdSbTe [76,77] and HoSbTe [112].
In non-stoichiometric SmSbxTe2-x studied in this work, interestingly, multiple magnetic
phase transitions have been observed for samples with the Sb content x ≥ 0.36 and up to the
tetragonal/orthorhombic phase boundary (x = 0.8). Data for a typical example (SmSb0.62Te1.37) is
shown in Fig. 62(a). In addition to a relatively sharp transition (TN2), a broad peak can be
observed in susceptibility at lower temperatures (TN1), which can be better resolved in the
derivative of susceptibility d()dT (inset of Figure 62(a)). The emergence of a shape peak and
a broad peak is also observed in heat capacity measurements which will be shown later. Such
multiple ordering temperatures have also been observed in many structurally similar rare earth
compounds such as CeTe2, SmTe2, GdTe2, as well as GdSbxTe2-x- with higher Sb

Figure 60: Distorted Sb planes in orthorhombic SmSb0.11Te1.85, SmSb0.38Te1.51, SmSb0.62Te1.35
and undistorted Sb -square net in tetragonal SmSb0.93Te1.07
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deficiency [76,143], which is possibly associated with the various CDW vectors or vacancy
distributions in orthorhombic phases [111,144]. In Figs. 62(c) we summarized the composition
dependence of the magnetic ordering temperature for SmSbxTe2-x. Overall, TN1 (corresponding

Table 3 Crystallographic data for various orthorhombic (orth.) and tetragonal (tetr.) SmSbxTe2-x.
obtained from the refinement of single-crystal XRD. The data were collected at room
temperature using graphite-monochromated Mo-Kα radiation (λ =0.71073 Å).
Space
group

SmSb0.11Te1.85

SmSb0.38Te1.51

SmSb0.62Te1.37

SmSb0.83Te1.04

SmSb0.93Te1.07

Lattice constants
(Å)
a

b

c

Atomic positions
Atom Wyckoff

x

y

z

Ueq

Sm

2a

0.2500 0.2500 0.7726 0.016

Te

2a

0.2500 0.2500 0.1298 0.015

Sb

2b

0.2500 0.7500 0.5025 0.028

Sm

2b

0.2500 0.7500 0.2721 0.022

Te

2b

0.2500 0.7500 0.6294 0.021

Sb

2a

0.2500 0.2500 0.0026 0.033

Sm

2a

0.2500 0.2500 0.2744 0.016

Te

2a

0.2500 0.2500 0.6280 0.015

Sb

2b

0.2500 0.7500 0.0011 0.028

P4/n
mm 4.299 4.299 9.252
4(2) 4(2) 1 (6)
Tetr.

Sm

2c

0.2500 0.2500 0.7759 0.004

Te

2c

0.2500 0.2500 0.1264 0.004

Sb

2b

0.7500 0.2500 0.5000 0.006

P4/n
mm 4.297 4.297 9.263
8(2) 8(2) 0(6)
Tetr.

Sm

2c

0.2500 0.2500 0.7244 0.016

Te

2c

0.2500 0.2500 0.3734 0.019

Sb

2a

0.7500 0.2500 1.0000 0.017

Pmmn 4.314 4.384 9.058
Orth. 6 (6) 7(7) 2 (10)

Pmmn 4.323 4.383 9.062
Orth. 6 (6) 8(7) 9(17)

Pmmn 4.300 4.343 9.157
Orth. 8(3) 2(3) 0(6)

Goodnes
s of fit
1.277

1.237

1.283

1.327

1.550

to the broad peak in ( )) does not change strongly with composition variation, while TN2 (the
shaper peak in ( )) grows with increasing Sb content x and suddenly disappears in the
tetragonal phases with x > 0.8.
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We have extracted Curie-Weiss temperature (cw) and effective magnetic moments (eff)
using a modified Curie-Weiss law mol = 0 + C(−) in the paramagnetic phase, where 0 is the
temperature-independent part of susceptibility, C is Curie constant. From the Curie constant, we
have obtained the effective moments by eff = √ ((3kBC)/NA) where NA is the Avogadro’s number
and kB is the Boltzmann constant. The obtained eff ranges from 0.67 to 1.05 B (Figure 62(d)),
close to the theoretically expected value of 0.86 B for a Sm+3 ion with a 4f 5 configuration. In
addition to the uncertainty from the fitting, the deviation from the expected value could be due to
a few reasons. For example, the polarization of conduction electrons or the reduction of moment

Figure 61: Temperature dependent molar susceptibility for SmSbxTe2-x under in plane (H//ab)
and out- of plane (H//c) magnetic fields.
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density in frustrated magnetic systems can lead to an overestimate, while the localized 4f
electrons screened by the conduction electrons or the reduction of spin-orbit coupling strength
due to structure distortion can cause moment reduction [127,145–147]. From the fitting, we also
extracted negative Curie-Weiss temperature cw which is expected for AFM order. The fitted
Curie temperature cw also exhibits a non-monotonic dependence on Sb content x, becoming
maximized (more negative) when x approaches the two ending compositions (i.e., x = 0 and 1).
For these ending compositions, because TN also reduces (Figure 62(c)), the frustration parameter,
defined as f = |CW|/TN, is significantly enhanced (around 7 ~ 8), which is suggestive of possible
magnetic frustration in SmSbxTe2-x compounds. This may originate from a competition between
the nearest-neighbor and next-nearest-neighbor magnetic exchange coupling in those compounds
as suggested earlier [128,133,134].
Figures. 63 and Figure 64 present the isothermal magnetization M(H) measurements on
SmSbxTe2-x. The stoichiometric SmSbTe has been reported to show linear H-dependence for M
with in-plane field and slight non-linearity when H//c [109]. In non-stoichiometric SmSbxTe2-x
studied in this work, the non-linear M(H) becomes more obvious upon reducing the Sb content
for both magnetic field orientations. The isothermal magnetization measured under both in-plane
(H//ab) and out-of-plane (H//c) field orientations for an orthorhombic Sb-less SmSb0.13Te1.91
sample and a tetragonal Sb-rich SmSb0.93Te1.10 sample are shown in Figure 64 for comparison,
from which clear non-linear M(H) similar to the reported metamagnetic transitions in
CeSbTe [78,105,106,112] and GdSbTe [77,106] can be seen, implying similar metamagnetic
transitions in SmSbxTe2-x compounds. The linear M(H) in H//ab measurement and a small
deviation from linearity along H//c measurements is observed for Sb rich compounds. The
deviation from linearity increases with lowering the Sb content, implying the correlations
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between magnetism and structure in the SmSbTe system. Such a correlation between distorted
Sb-square net and magnetization has been observed in the off-stoichiometric compound
GdSbxTe2-x- 
Magnetism in SmSbxTe2-x has also been studied by using heat capacity measurements. As
shown in Figure 65, heat capacity reveals magnetic transitions consistent with those probed in
magnetic susceptibility measurements (Figure 61). Similar to the stoichiometric SmSbTe which

Figure 62 (a) Temperature dependent molar susceptibility for SmSb0.93Te1.10 measured at
different in-plane magnetic fields from 1 T to 9 T. (b) Temperature dependent molar
susceptibility for SmSb0.93Te1.10 measured at different in-plane magnetic fields from 1 T to 9 T.
(c) Evolution of the magnetic transition temperatures TN1 and TN2 with varying Sb content,
extracted from magnetization (labeled as TNχ) and heat capacity (labeled as TNC) measurements.
The green and yellow regions represent orthorhombic and tetragonal lattice symmetries,
respectively. (d) Evolution of effective magnetic moment eff and Curie-Weiss temperature CW
with varying Sb content. Data for x = 1 sample in (c) and (d) is taken from Ref. [71] for
comparison.
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Figure 63: Field dependent isothermal magnetization of Various SmSbxTe2-x at 2K measured
under (a) in-plane (H//ab) and (b) out of plane (H//c) magnetic field orientations.
shows a broad hump at the magnetic transition temperature in specific heat divided by
temperature data C(T)/T [109], the tetragonal non-stoichiometric SmSbxTe2-x (x > 0.8) samples
also display a broad specific peak. As mentioned above, with reducing the Sb content below the
tetragonal-orthorhombic phase boundary, the magnetic susceptibility measurements have
revealed multiple magnetic ordering temperatures for 0.36 ≤ x ≤ 0.8 with vaguely distinguishable
features (Figures. 61 and 62(a)). The feature can be clearly resolved in C(T)/T. As shown in
Figure 65, an additional sharp peak appears at higher temperatures (6 ~ 7 K) when x drops below
0.8. Such a sharp peak is the strongest near x = 0.8, which gradually shifts to lower temperatures
and becomes suppressed with further reducing the Sb content. It disappears when x < 0.36 but
reappears in SmSb0.13Te1.91. The temperatures for the broad (TN1) and sharp (TN2) heat capacity
peaks agree well with the observations in magnetic susceptibility measurements, as summarized
in Figure 62(c). However, the sharp peak in the x = 0.13 sample might have a different
mechanism compared to the sharp TN2 peak of x = 0.36 – 0.78 samples. As shown in Figure 65,
the tetragonal samples (x > 0.8, bottom of Figure 65) show only one broad peak (TN1). With
decreasing the Sb content to the tetragonal-orthorhombic phase boundary (x ~ 0.8), in addition to
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the broad TN1 peak, a sharp and strong TN2 peak appears. With further lowering the Sb content,
the broad TN1 peak can be observed in all samples except for the x = 0.13 sample, which is the
sample with the lowest Sb content in this work. For the TN2 peak, it gradually shifts to lower
temperature, becomes broadened, and is suppressed. The TN2 peak finally disappears for the x =
0.25 sample. The broadening of the peak and the suppression of the peak amplitude is
systematic. For the x = 0.13 sample, a sharp peak is observed. However, the sharpness and large
amplitude do not follow the trend of the composition dependence of the TN2 peak. Therefore, we
conclude that such a sharp peak may have a mechanism different from the TN2 peak in other
samples. For example, a different magnetic transition or coupling with a possible structure
transition or ordering of sub-lattice or vacancies. Though the broad specific heat peaks in various
SmSbxTe2-x coincide well with the magnetic transition temperatures probed in susceptibility
measurements, the absence of well-defined peaks implies possible magnetic frustration in this
materials system [130,134,148]. A broad hump below the ordering temperature owing to the

Figure 64 : Comparison of isothermal magnetization measurements for SmSb0.13Te1.91 and
SmSb0.93Te1.10 at T = 2 K under in-plane and out-of-plane magnetic fields.
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partial disorder of the spins due to structural defects has been reported in heavy fermion
systems [149–154]. Furthermore, a broad peak arising from the Schottky anomaly due to the
crystal field splitting or the ordering of the rare earth ions has also been observed in several rare
earth compounds [155,156]. To clarify the mechanism for such a broad specific peak, more
theoretical and experimental efforts are needed.

The measurements under different magnetic fields reveal field-independent heat capacity
for SmSbxTe2-x with various x. An example for Sb-less, orthorhombic SmSb0.72Te1.30 is shown in
Figure 66(a), in which the specific heat peak positions and amplitudes for both peaks do not vary
with the field. The same behavior has also been observed in Sb-rich (x > 0.8), tetragonal samples
with only one broad peak in C(T)/T as mentioned above, which is consistent with the earlier
study on the stoichiometric SmSbTe [78].
To extract electronic (Ce) and magnetic (Cm) specific heat, we used the nonmagnetic
isomorphous compound LaSbTe as a reference sample to evaluate the phonon contribution (Cph).
We adopted the principle of corresponding states which has been used for specific heat analysis
for stoichiometric SmSbTe (Figure 48 ) [78]. The effectiveness of this approach has also been
demonstrated by heat capacity studies on other compounds such as NdSbTe and Fe(Te,
Se) [74,135]. An example of fitting the electronic (Ce/T) and phonon (Ce/T) specific heat at
temperatures above the magnetic ordering temperatures for SmSb0.72Te1.30 is shown by the red in
Figure 66(a), from which the Sommerfeld coefficient γ and Debye temperature θD can be
obtained from the low-temperature extrapolation of the fit [109]. Figure 66(b) summarizes the
line evolution of γ and θD with the Sb content x in SmSbxTe2-x. Relatively large γ (80 – 165
mJ/mol K2) has been obtained, which displays a non-monotonic composition dependence with a
minimum value near x = 0.4 and maximum values near the two ending compositions (x = 0 and
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1). The large γ values for SmSbxTe2-x are consistent with that for stoichiometric SmSbTe [109],
which has also been observed in some LnSbTe materials such as NdSbTe (115 mJ/mol K2) [74]
and HoSbTe (383.2 mJ/mol K2) [112]. One possible mechanism is the presence of the flat Sm 4f
bands near the Fermi level which may hybridize with the conduction electrons and lead to mass
enhancement [109]. It is worth noting that large γ is not a generic feature in LnSbTe compounds.
The magnetic CeSbTe [78,105] and GdSbTe [106], as well as the non-magnetic LaSbTe [74] all
display small Sommerfeld coefficient. Compared to the large variation for γ with x in SmSbxTe2x,

Debye temperature only exhibits a small increase from 220 K to 250K upon increasing the Sb

Figure 65: Temperature dependent specific heat divided by temperature C/T for SmSbxTe2-x.
93

content (Figure 66 b). Such weak composition dependence for θD implies small structure
modifications with Sb substitution for Te in SmSbxTe2-x, which is consistent with our structure
analysis stated above (Figure 60).
The magnetic specific heat Cm/T for various SmSbxTe2-x, obtained from subtracting the
fitted electronic and phonon contributions from the total measured specific heat, is shown in
𝑇 𝐶𝑚 (𝑇)
d𝑇.
𝑇

Figure 66(c). The corresponding magnetic entropy can be evaluated by 𝑆m = ∫0

To

calculated Sm, we took Cm/T = 0 at zero temperature. As shown in Fig. 66(d), magnetic entropy

for various SmSbxTe2-x quickly increases with increasing temperature and saturates to 3.9 – 4.8
Figure 66: Specific Heat Capacity of SmSbTe(a) Specific heat divided by temperature for
SmSb0.72Te1.30 measured under various magnetic fields from 0 to 7 T. The red line indicates the
electronic and phonon contributions to specific heat, obtained from fitting the data using LaSbTe
as a reference sample (see text). (b) Evolution of Sommerfeld coefficient γ and Debye
temperature θD with varying Sb content x. Data for x = 1 sample in (c) and (d) is taken from
Ref. [106] for comparison. (c) Magnetic specific heat for various SmSbxTe2-x. (d) Magnetic
entropy Sm of SmSbxTe2-x. Same color codes are used in (c), and (d).
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J/mol K above T = 10 K. Such values are less than the expected magnetic entropy of Rln2 = 5.76
J/mol K (R is the molar gas constant) for a J = 5/2 doublet for Sm3+, which implies possible
residual magnetic entropy that has been widely seen in frustrated systems [136,137]. Indeed, in
the crystals we have investigated, the lowest Sm (i.e., the entropy missing is the greatest) is
observed in SmSb0.78Te1.20, which is very close to the orthorhombic-tetragonal phase boundary.
Such a boundary sample might possess strong frustrations as the result of competition between
two structural phases.
To obtain a complete understanding of the electronic and magnetic properties of
SmSbxTe2-x, we have characterized the electronic transport properties. Figure 67 shows the
temperature dependence of in-plane resistivity ρxx(T) for a few compositions, which is

Figure 67: Temperature dependent in-plane resistivity for various SmSbxTe2-x.
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normalized to the resistivity at T = 300 K for better comparison. Overall, a non-metallic transport
behavior is observed in all compositions, similar to many LnSbTe (Ln = Ce, Gd, Nd)
materials [72,74,105,129]. The low Sb content samples SmSb0.24Te1.61 and SmSb0.34Te1.88
displayed an insulating-like behavior with an abrupt resistivity upturn at low temperatures. Such
upturn disappears with increasing the Sb content in SmSbxTe2-x, implying an enhancement of
metallicity though the overall temperature dependence for resistivity still shows a non-metallic
behavior. The enhanced metallicity with increasing Sb content has also been observed in
GdSbxTe2-x [126]. Furthermore, similar to GdSbxTe2-x [126], resistivity for SmSbxTe2-x does not
display any clear feature at TN for all samples, implying the spin scattering might not be
important for electron transport in these materials.

5.4 Conclusion

In summary, we have studied the composition dependence of structural, magnetic,
thermal dynamical, and electronic transport properties for SmSbxTe2-x. The coincidence of
tetragonal-to-orthorhombic structure transition, the emergence of multiple magnetic transitions,
and magnetic entropy reduction imply the coupling between structure and magnetism in this
material system. Given the existence of Dirac states in stoichiometric SmSbTe and the
robustness of the topological states against orthorhombic distortions in other related compounds
in this material family [72,126], the demonstrated tuning of metallicity with Sb content and the
enhanced electron effective mass in this work further suggests SmSbxTe2-x as a good platform for
engineering quantum states.
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Chapter 6: Crystal growth and electronic properties of non-magnetic topological semimetal
candidate LaSbSe

The ZrSiS-type materials have gained intensive attention because of having two types of
Dirac states. The magnetic version of ZrSiS-type materials LnSbTe (Ln= lanthanides) provides
an opportunity to interplay between magnetization and exotic electronic states. Motivated by the
LnSbTe material system, we have synthesized single crystals of LaSbSe simply by substituting
tellurium (Te) by selenium (Se). In this chapter, I will report the single crystal growth and
characterization of LaSbSe, a previously unexplored LnSbSe compound. LaSbSe has a tetragonal
crystal structure without magnetic ordering and a small Sommerfeld coefficient. A
magnetoresistance of 3% has been observed at 2 K and 9 T. Compared with LnSbTe, replacing
Te by a lighter element Se leads to reduced spin-orbital coupling. Therefore, our work on
LaSbSe provide a material platform that establishes a non-magnetic baseline to study the
topological electronic properties in both magnetic and non-magnetic LnSbTe and LnSbSe
compounds.

6.1 Introduction
The ZrSiS-type topological semimetals have gained intensive attention recently due to
the presence of two types of Dirac states [64,66,100,121,138]. These materials host various
exotic properties such as magnetoresistance, high mobility [29], and possess quantum
phenomena like chiral anomaly [28,30,31,91], and unusual fermi arcs [32–34,44,93]. The
ZrSiS-type family is large and can be represented by the chemical formula WHM (W= Zr/Hf,
H=Si/Ge/Sn, M =O, S, Se, Te) [64–69,71,78,99,101,121,122,138,139]. These materials
crystallize in PbFCl type crystal structure with the space group P4/nmm, where the 2D square net
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of H-atoms is sandwiched in between W-M bilayer. The weak interlayer interaction made these
materials easier to exfoliate, which may further evolve interesting physics such as the spin Hall
insulator in the monolayer [138]. The magnetic version of ZrSiS-type materials can be
introduced by making W as magnetic lanthanides (Ln) elements and H= Sb and M = Te, which
further allows the interplay between magnetism and exotic electronic states [78]. The magnetism
in these compounds is activated by the spin degree of freedom because of 4f electrons, which
break the symmetries and lead to various magnetic phases [76,126]. In addition, a wide range of
functional properties such as kondo effects, charge density waves, enhanced electronic
correlations, and possible magnetic frustration has been reported in various LnSbTe
compounds [72,74,105,109]. Furthermore, the CeSbSe hosts complex magnetic ordering with a
possible devil’s staircase due to the interaction between different Ce neighbors facilitated by the
Ruderman-Kittel-Kasuya-Yodida interaction [78,157]. In addition, the hybridization between f
and conduction electrons, poor metallicity with nearly linear resistivity and low density of charge
due to Kondo interaction has been reported in CeSbSe [78,157]. However, other LnSbSe
compounds having ZrSiS-type crystal has not been widely explored. Particularly, systematic
study on non-magnetic LaSbSe would provide a baseline to better understand the electronic and
magnetic properties of the CeSbSe and other magnetic LnSbSe,
With this motivation, here we have reported the synthesis of a previously unexplored
WHM compound LaSbSe and explored their structural, electronic transport, and calorimetric
properties. Our combined characterizations revealed the non-magnetic and metallic character of
LaSbSe. The transport measurement reveals the positive magnetoresistance, non-compensated
charge carrier with relatively low electron density.
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6.2 Experimental methods

The LaSbSe single crystals were synthesized by two steps chemical vapor transport
method as mentioned in chapter 2. Unlike other magnetic topological semimetals from this
family, LaSbSe single crystals have grown using selenium tetrachloride (SeCl4) powder of
approximately 20 mg as a transport agent. Millimeter-sized, square-like single crystals with a
metallic luster were obtained as shown in Figure 68(b).

6.3 Results and Discussion

The LaSbSe single-crystal crystallizes in the tetragonal structure and P4/nmm (No.129)
space-group consisting of Sb square net sandwiched between the La-Se bilayer as shown in
Figure 68(a). The optical microscopy image of square shaped LaSbSe single crystals is shown in
the inset of Figure 68(b). The millimeter-sized single crystals are relatively soft and easy to
exfoliate than other isostructural LnSbTe compounds.
The temperature-dependent longitudinal resistivity  (T) measurement was carried out by
using four-probe measurements. Starting from T = 300 K,  (T) decreases slowly with decreasing

(b)

(a)

Figure 68: (a) Crystal structure of LaSbSe (b) Optical image of LaSbSe single crystal
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T, and the resistivity shows a nearly linear relationship with the temperature above 80 K for both
fields 0 T and 9 T as shown in Figure 69. This linear resistivity is one of the indications of the
presence of zero temperature instability or quantum critical point in heavy fermions, Fe-based
superconducting metals, cuprates, and twisted bilayer graphene [158–161]. Such a linear
resistivity may be originated due to the scattering of charge carriers by photons, scattering pairing, magnetic-spin frustration, etc. [162–165]. The field-dependent resistivity measurement
shows a negligible change in resistivity with the field, indicating this material's simple non-

Figure 69: In-plane resistivity of LaSbSe measured at field 0T and 9T.
magnetic and metallic behavior. The metallic behavior of LaSbSe is analogous to CeSbSe [157],
GdSbTe [106,126], and LaSbTe [104]. However, other magnetic LnSbTe compounds showed
non-metallic transport with a Kondo effect at low temperatures [74,105,109]. The residual
resistance (RRR = Rxx (300 K)/Rxx (2K)) is 1.61, such a relatively small RRR indicates the
presence of a strong scattering effect in the conductive layers [166].
Furthermore, the field-dependent in-plane resistivity- magnetoresistance MR
measurement could help to understand the origin of the conductive channel. The MR (H) =
100

[ (H)-  (0)] /  (0) × 100, where  (0) and  (H) stands for the resistivity at zero and applied
field, H, respectively [36]. The positive MR is a parabolic field dependence in the entire
temperature range, and it is symmetrical in positive and negative quadrants of the applied
magnetic field as shown in Figure 70. The positive MR complies with the Kohler rule MR~Bn
(n= 2) is expected for metal with the carrier compensation. However, a slight deviation from the
Kohler rule (n=1.91) has been observed for LaSbSe. Such a deviation from the B2 can cause by
slight carrier compensation and inter-Fermi-pocket scattering [167,168]. However, nearly
perfect parabolic field dependence of MR implies the perfectly compensated electron and hole
system as predicted by the two-band theory, which is reported in most of the topological
semimetal including LaSbTe [104,169,170]. At T =2 K and H =9 T, the MR is about 3% and
decreases with increasing temperature and becomes less than 1% at 300K. The relatively large
magnetoresistance (3%) without saturation up to the field 9 T, also supports that the density of
electrons and holes are not equal in LaSbSe system, which will be further justified below. At the
same time, the pronounced cusp of MR is reminiscent of the weak antilocalization effect, which

Figure 70: Field-dependent Hall resistivity at different temperatures.
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is widely observed in different rare-earth compounds [171,172]. The low positive
magnetoresistance in the non-magnetic rare-earth compound may arise from the variation of the
density and mobility of impurity carriers polarized by field [173,174], which has also been
observed in non-magnetic lanthanides compounds LaAgBi2 [175]. Moreover, the
magnetoresistance showing linear dependence on magnetic field has been reported in Dirac
semimetals like Cd2As3, TaAs etc. [29,44] as a result of linear energy dispersion when all the
carriers were condensed into the lowest bands of landau levels [158].
LaSbSe displays linear field dependence for Hall resistivity xy (H) in paramagnetic
phase with a negative slope above temperature 50 K and deviates from the linearity at low
temperature as depicted in Figure 71. The linear hall resistivity with a negative slope indicates
that the electron band dominates the electronic transport in this sample at high temperature.
Since the Hall resistivity (xy) exhibits non-linearity at low temperature, implying the
involvement of more than one type of charge carrier in the transport properties [158]. The
transverse magnetoresistance and Hall resistivity can be described by using an isotropic two-

Figure 71: Field dependence of in-plane resistivity at different temperatures.
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band model. So, the carrier density and mobility can be estimated by simultaneous fits of xy(B)
and xx(B),can be expressed as [36],
ρxx =

1 (𝑛ℎ 𝜇ℎ + 𝑛𝑒 𝜇𝑒 ) + 𝜇ℎ 𝜇𝑒 (𝑛ℎ 𝜇𝑒 + 𝑛𝑒 𝜇ℎ )𝐵2
[
],
𝑒 (𝑛ℎ 𝜇ℎ + 𝑛𝑒 𝜇𝑒 )2 + 𝜇ℎ 2 𝜇𝑒 2 (𝑛ℎ − 𝑛𝑒 )2 𝐵2

------------------ ( Equation 11)

ρxy =

𝐵 (𝑛ℎ 𝜇ℎ 2 − 𝑛𝑒 𝜇𝑒 2 ) + 𝜇ℎ 2 𝜇𝑒 2 (𝑛ℎ − 𝑛𝑒 )𝐵2
[
],
𝑒 (𝑛ℎ 𝜇ℎ + 𝑛𝑒 𝜇𝑒 )2 + 𝜇ℎ 2 𝜇𝑒 2 (𝑛ℎ − 𝑛𝑒 )2 𝐵2

-------------------- (Equation 12)

where ne(h) and μe(h) are carrier density and mobility for electrons(holes), respectively. The
observed nonlinear field dependence of xy (B) and xx (B) can be well produced and expressed

Figure 72: Field dependence of resistivity (a) in-plane and (b) Hall resistivity at different
temperatures. The blue line represents two-band model fittings.
as in Figures 72(a) and 72(b). A set of four parameters {ne, nh, e, h} can be extracted by fitting
both xy (B) and xx (B) at the same time to the experimental data. The two-band model fitting
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with the experimental data can be expressed as in Figure 72, and it was well fitted as indicated
by blue lines at all temperatures and fields. The evolution of four parameters nh, ne, h, e with
temperature can be expressed as in Figure 73. From the fitting, the density and mobility of holes
and electrons nh =7.45×1019 cm-3, ne =5.66×1020 cm-3, h =338.8 Cm2/V s and e =128.9 cm2/V s
at 2 K was obtained. The extracted value of electron and hole density implies the LaSbSe has
slight carrier uncompensation. Both the electron and hole density is approximately in the order
of 1019-20, is comparable to the nodal line fermions ZrSiS, ZrSiSe, ZrSiTe [65,115], but higher
than those of the other Dirac systems such as Cd3As2 (1018cm-3) [29] and Na3Bi (1017 cm-3) and
graphene( 1010-12 cm-3). The carrier density for LaSbSe is comparatively lower than isomorphic
LnSbTe compounds [74,105,109], which indicates low carrier density type metallicity in
LaSbSe.
Furthermore, the specific heat capacity measurement further provides information about
the thermodynamic properties of the materials. As shown in Figure 74, the specific heat divided
by temperature (C(T)/T) decreases gradually from 30 K to 1.8 K without exhibiting any anomaly,
establishing the absence of magnetic ordering in this temperature range, which indicates the nonmagnetic nature of LaSbSe. Such a non-magnetic behavior was also observed in LaSbTe [74].

Figure 73: Temperature dependence of carrier density ne, nh and carrier mobility e,h
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For non-magnetic materials, the total heat capacity is defined as 𝐶𝑡𝑜𝑡 = 𝐶𝑒𝑙 + 𝐶𝑝ℎ , where the
electronic contribution to heat capacity (Cele) = T and phonon contribution Cph =T3 when T<<
Debye temperature D. Thus, the total heat capacity for LaSbSe is C(T) = LaT + LaT3, which
yields the coefficient of phonon contribution to the heat capacity La =2.78, more significant
than the value obtained from LaSbTe. This La indicates the phonon contribution to the heat
capacity in LaSbSe is comparatively higher than in LaSbTe. Thus, the calculated Debye
temperature is D = (124NR/5)1/3 = 127.93 K with atomic number per formula N= 3 and gas
constant R =8.31J/mol K. The relatively large Debye temperature implies the higher thermal
conductivity of LaSbTe (244.53 K) than that of the LaSbSe. Such a rapid changes in Debye
temperature while tuning Se and Te is also observed in other materials system like FeX
(X=Se,Te) [176–178], ZrSiX(X= Se,Te) [125,179]. However, the trend of Debye constant while
replacing Te by Se is different in ZrSiX, FeX and LaSbX. The Debye temperature is increasing
while Se is replaced by Te in case of FeX (FeSe (203-210 K) to FeTe (324 K)) [176–178], and
LaSbX (LaSbSe (127.93 K) to LaSbTe (244.53 K)), which is in contrast to ZrSiX ( ZrSiS ( 385

Figure 74: Heat capacity divided by temperature vs Temperature (C/T vs T) plot of LaSbTe. The
inset shows the linear fitting to extract phonon contribution to heat capacity
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K) to ZrSiSe (482 K) and ZrSiTe ( 493 K)) [125,179]. The increase in Se content led to phonon
anharmonicity in Sb2Te2-xSex and Bi2Te3-xSex, which lowers the thermal conductivity [180,181].
The materials with weak interatomic interaction lead the low lattice thermal conductivity as well
as the Debye temperature [182], which supports the easily exfoliated nature of LaSbSe in
comparison to LaSbTe. However, the coefficient of electronic contribution to the heat capacity is
2.19 J mol/K2 which is larger than that we observed for LaSbTe. This implies the electronic
contribution to the heat capacity in LaSbSe is higher than in LaSbTe.

6.4 Conclusion

In summary, we have successfully synthesized a single crystal of LaSbSe, a nonmagnetic rare-earth compound of ZrSiS-type, and characterized the structural, electronic
transport, and calorimetric properties. The linear resistivity shows the possible quantum critical
point in LnSbSe compound system. Furthermore, the non-linear field-dependent resistivity at low
temperature and non-saturating large magnetoresistance (3%) at high field (9 T) suggests that the
electrons and holes are not well compensated. The absence of magnetic ordering and the small
contribution to the heat capacity has been confirmed from calorimetric measurements. With this,
our observation indicates that 𝐿𝑛SbSe material system could be a platform to further investigate
possible electronic states and developed next generation devices applications.

106

Chapter 7: Conclusion and Outlook

This dissertation has explored the magnetic and non-magnetic versions of ZrSiS -type
compounds NdSbTe, SmSbTe, and LaSbSe. The crystal growth, structural, magnetization,
transport, heat capacity, and topological properties of LnSbTe (Ln= Nd, Sm) and LaSbSe were
investigated by using different growth techniques, EDS, XRD, PPMS, ARPES characterization,
and theoretical computations.
The single crystal growth of NdSbTe and SmSbTe compounds was carried out by twostep CVT methods and optimizing several parameters such as growth techniques, nominal
composition, transport agent, and temperature profile. The stoichiometric nominal composition
with Iodine as a transport agent and the temperature profile was optimized to grow single
crystals of both compounds. The tetragonal crystal structure with Sb-square net sandwiched
between Ln-Te bilayer is observed in both compounds through the XRD crystal structure
analysis. Furthermore, the evolution of structure, electronic, magnetic, and calorimetric
properties were studied by tuning Sb incorporation in SmSbxTe2-x compounds.
The antiferromagnetic ground state has been observed in both compounds NdSbTe and
SmSbTe, where the spin momentum polarization induced metamagnetic transition in NdSbTe
more pronounced than in SmSbTe. The magnetic ordering temperature and susceptibility were
suppressed with the increasing field in the case of NdSbTe, but the field insensitive ordering
temperature, larger frustration parameter(f=8), and presence of broad heat capacity peak imply
the possible magnetic frustration in SmSbTe. The Sommerfeld coefficient Nd =115 mj/mol K2
and Sm =160 mJ/mol K2, suggesting enhanced electronic correlations in both materials, which is
relatively larger than other compounds in this family. In addition to structural transition, an
evolution of magnetization with multiple ordering temperatures, effective magnetic moments,
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Curie-Weiss temperature, Sommerfeld coefficient, magnetic entropy has been studied, which
does not show a clear correlation to the Sb composition. Furthermore, the electronic transport
measurement infers the electron type and low carrier density type kondo non-metallic resistivity
upon cooling, however, the SmSbxTe2-x with low Sb content samples showed abrupt upturn
showing insulating behavior at low temperature. The ARPES and first principal band structure
calculation on SmSbTe showed the presence of diamond-shaped fermi surface with linear band
crossing near to Fermi level, which indicates the presence of topological Dirac states like other
magnetic-nonmagnetic ZrSiS-type compounds. The presence of several functional properties
within the same material systems creates a potential platform to study the interplay between
magnetism and exotic electronic states and develop next-generation device applications.
However, several questions may extend the scope of this research to the next steps. I)
why stoichiometric LnSbTe compounds are difficult to get? II) why the final composition of
LnSbTe does not rely on the nominal composition? IV) How can we improve exfoliation to get
nanoflakes? What is the contribution of charge density waves, vacancy, and several other
parameters functioned altogether to drive magnetization and topological states? The presence of
field insensitive magnetic ordering and absence of sharp gamma peak in magnetic SmSbTe. The
upcoming research will be focused on finding the answer to these abovementioned issues.
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Appendix A: Description of Research for Popular Publication

The demand for efficient technological devices, their feature with low power
consumption is increasing day by day. The depletion of energy also compels us to find out the
new path which saves energy and makes people's lives better. The trend of semiconductor
devices getting smaller and faster is about to end because of the limitations of materials and
technology used to make them. In addition, the emergence of interaction in materials at a very
small scale suggests that our computers or other devices may soon stop getting smaller and faster
unless a fundamentally new technology emerges. Therefore, this research was focused on new
materials and technology which could be a milestone to develop next-generation technological
devices.
The materials in which current-carrying particles can flow very fast without losing energy
can overcome these challenges by reducing power consumption and heating effect. Such unusual
physical properties are arising from the quantum mechanical phenomena of their constituents are
potential for future scientific and technological applications. The magnetic and non-magnetic
materials having layered, and which can be thinned down to very small scale were grown.
Energy dispersive spectroscopy and X-ray diffraction were used to determine the phase and
crystalline of the materials. Furthermore, the electronic, magnetic, and thermodynamic properties
of these previously unexplored materials were studied by using physical properties measurement
system.

125

Appendix B: Executive Summary of Newly Created Intellectual Property

The magnetic version of ZrSiS-type materials has gained intensive attention due to the
presence of complex magnetism along with the exotic electronic states. The possible interplay
between magnetism and topological states could establish a new platform to observe novel
quantum states that can introduce various quantum mechanical functionalities, which provide a
platform to study the fundamental physics and develop next-generation device applications. The
major results obtained in the course of this research are summarized below.
1) The single crystal growth condition and parameters were optimized and successfully
obtained single crystals of LnSbTe compounds.
2) The phase and structural characterization of NdSbTe showed excellent crystal quality and
relatively strong interlayer interaction for the exfoliation purpose.
3) The temperature and field-dependent magnetization M(T) and M(H) showed the
antiferromagnetic ground state and metamagnetic transition.
4) Relatively large Sommerfeld coefficient in NdSbTe and SmSbTe indicates the enhanced
electronic correlation in LnSbTe – system.
5) The field insensitive broad peak in heat capacity measurement shows the possible
magnetic frustration in tetragonal type crystal structure SmSbTe.
6) The linear logarithmic dependence of resistivity at low temperature in NdSbTe and
SmSbTe features the possible kondo behavior.
7) Multiple magnetic ordering may contribute to the different magnetic phases driven by Sb
content SmSbxTe2-x.
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Appendix C: Patentability of Intellectual Property

C.1 Patentability of Intellectual Property

The four items listed were considered first from the perspective of whether or not the
item could be patented.
1. The crystal growth method developed in this research to grow LnSbTe crystals cannot
be patented since it is well known and extensively used to grow a different crystal.
2. The structural and physical characterization techniques cannot be patented because all
techniques used in this research are well known.
3. The extraction of magnetization and heat capacity parameters used in this research are
not inventions.
4. N/A
C.2 Commercialization Prospects
1.

NA

2.

NA

3.

NA

4.

NA
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C.3 Possible Prior Disclosure of IP

The following items have published information that could impact the patentability of the
listed IP.
1. The optimized parameters and techniques to grow the single crystal of NdSbTe and
its structural and electrical, magnetization, and heat capacity properties was published
in:
K. Pandey, R. Basnet, A. Wegner, G. Acharya, MRU Nabi, J. Liu, J. Wang, YK
Takahashi, B. Da, J. Hu, “Electronic and magnetic properties of the topological
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2. The crystal growth conditions and structural, electronic, magnetic, and topological
properties of SmSbTe was published in:
K. Pandey, D. Mondal, J.W. Villanova, J. Roll, R. Basnet, A. Wegner, G. Acharya, Md.
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4. Crystal growth and electronic properties of non-magnetic nodal line semimetal
candidate LaSbSe (manuscript under the preparation.).
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Computer # 1
Model Number
Serial Number
Location
Owner: Krishna Pandey
Computer #2
Model Number: Lenovo Ideapad flex 5
Serial Number:
Location: personal/Home
Owner: Krishna Pandey
Software #1
Name: Microsoft office 365
Purchased by: University of Arkansas Site License
Software #2
Name: Origin pro
License: Learning version
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